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Demand for wireless Internet traffic has been increasing exponentially over the last decade,

due to widespread usage of smart-phones along with new multimedia applications. The

need for higher wireless network throughput has been pushing engineers to expand network

capacities in order to keep pace with growing user demands. The improvement has been

multi-dimensional, including optimizations in MAC/Physical layer for boosting spectral

efficiency, expanding network infrastructure with reduced cell sizes, and utilizing additional

RF spectrum. Nevertheless, traffic demand has been increasing at a much faster pace than

network throughput and our current networks will not be able to handle customer needs in

near future.

While assigning additional spectrum for cellular communication has been a major ele-

ment of network capacity increase, the natural scarcity of RF spectrum limits the extend

of this solution. On the other hand, researchers have shown that licensed spectrum that is

owned and held by a primary user is heavily underutilized. Examples are TV channels in

the VHF/UHF band as well as radar spectrum in the SHF band. Hence, a more efficient

use of this spectrum is to permit unlicensed users to coexist with the primary owner, i.e. to

share the same spectrum if it is not utilized at the current time/location.

Spectrum sharing has received considerable attention in recent years for its potential

in improving network capacities. Especially, with formal opening of TV-band frequencies

by FCC to unlicensed operation as well as proposals for radar-bands to be opened in near





future, wireless industry is also showing a great deal of interest in these unlicensed bands.

The main challenge behind spectrum sharing is detection of spectrum opportunities, known

as white spaces, by the secondaries. Classic methods are based on spectrum sensing which

requires highly sensitive receivers. Newer methods, that are currently proposed by FCC for

TV white space spectrum, are the so-called DBA approach in which a centralized database

determines availability of shared spectrum at any location and time. This work is focused

on the latter method.

In this work, we have focused on major challenges in spectrum sharing in the white space

spectrum. First, the available capacity that is opened through TV white space spectrum is

not clearly understood. We define a mathematical framework to evaluate achievable white

space capacity in the TV band as a function of location, FCC regulation and secondary

network parameters. We use this framework to simulate available TV white space channels

and capacity over the entire United States and explore its dependency on various parameters.

Second, unlike licensed spectrum, available TV white space spectrum is significantly

location-dependent. The number of channels as well as their quality (noise and interference

floor) can severely change from place to place. Therefore, designing a cellular network that

is based on spectrum sharing requires special channel allocation algorithms to consider these

variations in to account. We define the problem of channel allocation in a spectrum sharing

scenarios and explore various solutions.

Third, spectrum sharing rules in dynamic scenarios such as radar bands are not defined.

Due to rotation of radar antennas, the available spectrum is time-dependent and coexistence

scenario depends on how much information about the time-varying primary user (radar

transmitter) is available to the secondary user. We introduce a spectrum sharing paradigm

with rotating radar transmitters that models radar target detection operation as well as

random distribution of secondary WiFi transmitters in the environment. We use this model

to calculate protection region for the radar as well as achievable throughput.

Fourth, the lack of suitable SDR hardware has made evaluation and prototyping of

available white space spectrum very challenging. We develop a SDR platform for operation





of WiFi devices in the UHF spectrum from 300-MHz to 3.8-GHz band. This platform is then

utilized for development of fully functional WiFi-like networks in UW campuses to evaluate

white space opportunities in the UHF spectrum and to provide Internet connectivity to end

users.
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Chapter 1

INTRODUCTION

“Demand for spectrum is rapidly outstripping supply. The

networks we have today won’t be able to handle consumer

and business needs.”

— Julius Genachowski, past FCC Chair, Mar. 2011 [10]

The proliferation and relentless penetration of new generation of mobile devices (smart-

phones, tablets, and eReaders) along with new multimedia applications running on all these

mobile devices has increased the demand for broadband wireless Internet access exponen-

tially, figure 1.1, and is predicted to outstrip the capacity of 4G (LTE/LTE-A) networks.

The total number of mobile subscribers is predicted to be 9.3 billion (far more than global

population) by 2019 with 8 billion mobile broadband subscriptions [11]; the number of

smartphone devices will be tripled and mobile data traffic driven by video will be ten times

larger. Therefore, improving capacity of cellular network effectively is a serious matter

concern for network operators. Few solutions have been proposed to fill this gap between

supply and demand for wireless Internet access which can be summarize as follows:

• Additional Licensed Spectrum: Providing additional spectrum for wireless Inter-

net access will obviously increase the capacity of current cellular networks as Shannon

capacity scales linearly with bandwidth. However, spectrum is a scarce resource,

enormously expensive and typically fragmented. Releasing more licensed spectrum is

always challenging particularly in developed countries where major parts of the spec-

trum is already licensed for various commercial and military applications. Utilizing

frequencies beyond 60 GHz is not feasible yet and it will need a significant improve-

ment in current RF devices and network structure to adapt. For example, PHY and

MAC layers must be re-designed for the changes in channel characteristics includ-

ing higher path loss, multipath and fading variations. Therefore, relying ONLY on
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new spectrum cannot be an effective strategy; mechanisms to more efficiently (re) use

current licensed spectrum must be a part of the discussion.

• Higher Spectral Efficiency: The idea is to transmit as many bits as possible for

a given bandwidth to maximize spectral efficiency (bps/Hz) of the radio link. This

requires improvements in both PHY and MAC layers to keep the practical throughput

close to Shannon theoretical limit [12]. Advanced MIMO techniques with large number

of antennas that enables transmission of multiple stream of data over the same channel

(multiplexing) as well as more efficient time/frequency division scheduling of users are

employed in this area. These techniques are currently considered as main components

of cellular standards. Spectral efficiency for LTE-A has increased from 16 bps/Hz in

release 8.0 to 30 bps/Hz in release 10.0 with supporting up to 8×8 MIMO for DL and

4×4 for UL. The amount of capacity gain from further improvement in this aspect

is expected to be marginal as the current practical performances are very close to

theoretical limits [13].

• Smaller Cell Size: Every cell in the network is served with one base station and

each base station has access to the same amount of bandwidth (typically). This

spectrum must be shared among all the users in the cell. Therefore, smaller cell sizes

results in larger bandwidth-to-user ratio. This metric is defined as the area spectral

efficiency (bps/Hz/m2). Since performance of a single link is not expected to increase

significantly, it will be beneficial to increase the number of links between base stations

and users by increasing cell density. The capacity of cellular networks has increased

by a gain of one million since 1957, out of which an impressive 1600-fold gain is due

to smaller cell sizes [13].

However, there are challenges in reducing cell size indefinitely. Considering infras-

tructure and operational cost, deploying more cells are expensive for the network

operators. Backhaul must be provided to each base station, deployment is slow and

faces site limitations, especially in dense urban environments where most data demand

is generated. For these reasons, deploying more small/micro cells is not a desirable
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Year Global IP Traffic  Mobile (PB/month)

2012 885
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Figure 1.1: Mobile IP traffic prediction [2]

choice for network operators [14].

• Unlicensed Spectrum Access: Despite the scarcity of spectrum as a limited re-

source, various studies have shown that licensed spectrum is in fact highly under-

utilized [15, 16]. Licensed devotion of spectrum to users in the past has resulted in

inefficient usage of spectrum with large gaps between channels and low spectral effi-

ciency. While unlicensed frequency bands such as ISM (2.4 GHz) are highly saturated

with large number of users, licensed bands such as TV (V/UHF) and radar are sig-

nificantly underutilized. This situation has motivated the idea of sharing licensed

spectrum with unlicensed users assuming no harmful interference is caused to licensed

devices. Further discussion about this idea is followed in the next section.

1.1 Unlicensed Spectrum Sharing

Cognitive Radio (CR) devices have been introduced on the notion of reusing licensed spec-

trum by a secondary user (SU) without interfering with primary user (PU). Therefore, SU

devices must coexist with PU devices on a lower priority paradigm. The operation of SU

must be fully transparent to PU and usually no cooperation is made by the PU. This sce-
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nario places specific requirements to be considered in the design process for the CR-based

network as following:

1. The SU must detect the available part of the RF spectrum, i.e. frequency bands

that are not currently utilized by any licensed user and operation of the SU will not

interfere with normal operation of licensed receiver.

2. The SU transmitter and receiver should tune to a free channel to setup physical link

connection.

3. The SU should periodically detect PU activity in the selected channel and repeat steps

1 through 2 if PU is active.

The most challenging task for CR network is the first task, detecting free channels. This

is non-trivial for the following reasons. First, there is no universal definition for channel

activity as idle v.s. busy. In reality, channel status is better classified as gray - i.e. even

in the presence of an active primary, simultaneous secondary transmissions on the same

spectrum may be allowed, depending on the primary receiver characteristics. For example,

a high level of interference can be acceptable for a TV receiver while the same level can be

severely intolerable for a sensitive radar receiver.

Second, primary user activity model is unknown in some cases. This is important for

the SU to know how frequently it should detect PU activity. For example a TV broadcaster

that is continuously active is easily detectable because there is no changes in activity of TV

signal over time. On the other hand, a radar PU is very hard to detect because while the

transmitter is active, the generated signal is a very narrow pulse that shows up in random

(from SU point of view) times. Therefore, scheduling a detection mechanism for the latter

case is significantly more challenging that the former.

Third, many of licensed spectrum bands are used for military operations and technical

information about primary networks are not publicly available. Having technical specifi-

cation of PU transmitter, receiver and network structure is extremely helpful in managing

coexistence between secondary and primary devices. For example, location of primary
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transmitter/receiver (mobility model), signal power and receiver sensitivity can be used to

estimate the coverage area for the transmitted signal and protect all the receiver inside

that area. However, for security reasons, these information are not made available to SU

networks.

Different methods have been considered for detecting available spectrum for cognitive

radio which can be categorized in two broad groups:

• Spectrum Sensing based: All methods in this category are based on measuring RF

spectrum or a variant metric of that and thresholding the results to classify each

channel as idle or busy. The accuracy of the decision made by these methods depends

on sensitivity of the sensing device (SU), duration of sensing1 and computational

capabilities2 of the sensor. The hidden terminal problem, signal shadowing and fading

and spread spectrum users are some of the known technical problems in this category.

However, the main issue is the hardware requirement for supporting current sensing

algorithms which needs high sampling rate, large dynamic range analog to digital

converter and fast processors.

• PU Modeling based: In this category, technical information about the primary trans-

mitter such as transmission power, antenna height, receiver sensitivity, etc. are used

at a central database, called database administrator (DBA), to model the coverage

area for each specific primary user. The resulting coverage areas, combined with

various regulations that are defined by corresponding entities (FCC in USA, OfCom

in UK) determines what parts of spectrum is available for unlicensed operation at

each particular location. Modeling based methods are computationally extensive and

needs careful attention to underlying rules governing secondary access. Therefore,

implementing this operation in a DBA is a reasonable practical choice to ensure all

secondary units have an identical understanding of the rules. In this paradigm, each

secondary unit provides its location to DBA and queries for available spectrum. After

1Longer sensing time increases the chance of detecting lower power signals

2Complex signal processing algorithms are introduced in the literature to improve accuracy of sensing
results with the cost of higher computational requirement for the SU.
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receiving a list of available channels, SU can setup its communication link by select-

ing one of the available channels. The limitation of this approach is that PU cannot

be highly dynamic which requires DBA to frequently update its analytical models

and inform SU. This technique has been regulated by FCC for TV channels and the

resulting available channels are called TV White Space (TVWS) spectrum.

In this thesis, we consider spectrum sharing (coexistence) based on PU modeling ap-

proach in different frequency bands. Our focus is on TV channels and radar spectrum as

two categories of primary users.

1.2 Overview of Contributions

The contributions of this thesis can be summarized in following categories:

• First, we focus on unlicensed spectrum access in TV band, a.k.a. TV white spaces by

quantifying available white space spectrum in the USA after considering various FCC

rules and technical details. We define a mathematical framework to analyze perfor-

mance of WS-based secondary networks in terms of how much capacity is achievable

in the network? Various network design trade-offs are studied and spatial variations

of network capacity due to irregularity of primary network is explored.

• Second, the problem of resource allocation to secondary cellular networks in TVWS

is considered and multiple solutions are provided. This problem is particularly im-

portant because of spatial variations in number of available channels. We consider a

cellular network for the secondary users and define resource allocation problem corre-

spondingly to optimize overall throughput of this network from different viewpoints.

• Third, we consider the problem of coexistence between SU and PU in other frequency

bands with a focus on radar bands. Here we find available spectrum for unlicensed

devices with full/partial information about primary user (radar TX/RX) and quantify

available capacity. This problem has received significant attentions recently for follow-

ing reasons. First, the behavior of radar transmitter is considerably different from most
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of regular communication systems (very narrow and high power pulses with constant

changes in direction of antenna). The instantaneous variation in radar’s transmitted

power complicates detection of white space opportunities. Second, a major part of the

spectrum (1.7 GHz from 225 MHz to 3.7 GHz [17]) involves radar or radio-navigation

infrastructure. Therefore, there is a significant white space opportunity in coexistence

between SU and radar transmitters.

• Fourth, we design and implement an SDR platform for unlicensed wireless operation

in the UHF band. This SDR provides full WiFi connectivity in the 300-3800 MHz

band with maximum configurability of network parameters. Implementation covers

PHY and MAC layers of IEEE 802.11 using a combination of hardware (FPGA)

and low-level software. This work is the first step toward constructing a campus-

wide secondary network for providing Internet access based on TVWS (and future

unlicensed) spectrum. Portable secondary devices will be designed that can be used

with any personal computer as an external network card providing connection in the

unlicensed band. This network platform will be equipped with a centralized network

planner software for controlling channel access to each device, gathering spectrum

sensing data from each device and monitoring link throughput.

1.3 Thesis Organization

This dissertation is based on three structural pieces. The DBA for TV white space spectrum,

as an intelligent database and the natural point of integration, is discussed in chapter 2.

Various algorithms and analysis corresponding to spectrum sharing in TV and radar white

spaces are provided in chapters 3, 4 and 5. The requirements for hardware support in the

white spaces as well as our SDR platform is presented in chapter 6.

In details, the rest of this thesis is organized as follows. In chapter 2, we introduce

a software platform, called SpecObs, for analysis and simulation of TVWS availability in

the United States based on FCC regulations, technical information of TV broadcasters,

secondary devices characteristics and real terrain information. This platform is used in

chapter 3 along with a mathematical framework to define available capacity in TV band
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for secondary operation. Various Trade-offs have been studied between available network

capacity for SU against design parameters such as cell size, antenna height, transmission

power, etc.

Chapter 4, discusses the problem of resource allocation (channel assignment) to sec-

ondary devices in TVWS. Spatial variation of channels is considered in the problem formula-

tion and various optimal/sub-optimal solutions are discussed with corresponding numerical

results.

Chapter 5 is focused on spectrum sharing between a rotating radar (PU) and WLAN

networks (SU). Maximum tolerable interference by the radar is calculated as a function of

radar parameters and it is used for defining radar protection region. Spatial distribution

of secondary users is considered in spectrum sharing scenario and different paradigms are

evaluated based on the extent of available information about PU.

Chapter 6, describes design and implementation of an SDR platform for wireless opera-

tion in the white space spectrum. Characteristics of PHY and MAC layers that are based

on IEEE 802.11 are presented and various challenges are discussed. And finally, chapter 7

introduces future directions in these areas.
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Chapter 2

SPECOBS FRAMEWORK

2.1 Introduction

In this chapter we explore design and implementation of a cloud-based software platform,

called SpecObs1, that is developed at University of Washington as part of this dissertation

for analyzing available spectrum in TV band (currently) and other bands (future work).

Let’s start with exploring the role and responsibilities of a DBA as defined by FCC [18–

20] to determine various components and modules that are required for its functionality. The

main role of DBA in TVWS is to enable secondary access to TV spectrum without requiring

SU to perform spectrum sensing or computationally expensive algorithms. Therefore, DBA

is obligated to manage coexistence between SU and PU.

The structure of a secondary network based on TVWS is comprised of a central node,

known as DBA, and several secondary devices, called TVBD. Each TVBD could be an AP

for a small home/office WLAN network. All TVBDs are divided in two groups:

• Master: A master TVBD is equipped with a geo-location device and is aware of its

location. This device can directly contact DBA by providing its location information.

• Slave: A slave device is not aware of its location and therefore cannot directly contact

DBA. Each slave TVBD is obligated to use TVWS channels under control of a master

device.

For a small home/office network, it is sufficient to equip the AP with GPS for location

awareness and place every user device (UE) in slave mode. AP queries DBA by sending its

location and receiving a set of available channels, allowed transmission power, etc. for that

1This software platform considers all FCC regulations for operation of TVBD in TVWS to find available
spectrum. The results provided by this service is compatible with other certified FCC DBAs. The
software is completely designed and implemented at Fundamentals of Networking Lab, by TVWS team,
and is publicly available at following address: http://specobs.ee.washington.edu
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Figure 2.1: System architecture including TVWS local networks, spectrum sensors and
DBA

particular location as shown in Fig. 2.1. According to the set of available channels and qual-

ity of each channel (reported by DBA optionally) each AP sets up the network connection

with participating clients. Connection between master device and DBA is through Internet

(IP network). Hence, master device must already have a network connection (either wired

or wireless) to access DBA.

The architecture in Fig. 2.1 presents additional features than what is considered by FCC

for TVWS networks. For example, each AP in this figure can be optionally equipped with

spectrum sensing capabilities. Also, dedicated spectrum sensors can be considered in the

network for constant monitoring of spectrum usage to discover additional WS opportunities

or manage coexistence. Therefore, measurements obtained by either method is sent to DBA

(SpecObs server) through IP network for further processing.
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Figure 2.2: Main components of SpecObs system

2.2 SpecObs Architecture

DBA’s main responsibility is replying to client queries (accompanied by their location infor-

mation) with a list of available channels (white space) together with technical information for

using the channel (such as antenna height and transmission power). We enable SpecObs with

more features for improved management of TVWS networks (reducing cross-interference be-

tween SU networks). One extra feature is the support for collection of spectrum sensing

data from clients and corresponding signal processing techniques to reduce intra-network

interference.

Fig. 2.2 shows the main components that we have considered in SpecObs for implemen-

tation of various features. In this figure, a spectrum sensor node is connected to SpecObs

server through IP which periodically senses broadband spectrum and computes FFT to

produce power spectral density. The results are uploaded to database server along with

other information such as location and time of sensing. A number of sensor nodes can be

deployed in various locations for scaling to a wide area.

The internal components of the SpecObs server and their interactions is described in
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Figure 2.3: Main components of SpecObs system

Fig. 2.3. Each component in the server has been implemented in order to perform its own

independent function. The database is divided into four sub-databases to store different

types of data. Terrain database contains elevation data versus latitude and longitude over

the globe with various resolutions. In the following sections we discuss each component

separately.

2.2.1 FCC CDBS

FCC CDBS is a database that contains technical information about all active transmitters

in the TV band (VHF/UHF). It includes both TV broadcasters and non-TV transmitters

that are licensed to operate in this band. This information includes:

• Location (latitude, longitude) of the transmitter

• Channel Number which defines center frequency; the signal spectrum is 6-MHz wide
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around the center frequency.

• Service Type: which defines characteristics of transmitting signal

• Transmission power

• Antenna height above average mean sea level (AMSL), above ground level (AGL),

above average terrain (HAAT)

• Antenna pattern

SpecObs server downloads CDBS from FCC server, processes all the information provided

and then places them into our local database ‘Primary DB’ and ‘Antenna Pattern’ in Fig.

2.3. This update procedure is performed on a daily basis automatically to ensure our data

is in sync with FCC’s list.

2.2.2 Policy Holder

Availability of WS spectrum at any location depends (among other parameters) on local

spectrum policies that are defined by authorities such as FCC in the United States and

Ofcom in the United Kingdom. Therefore, DBAs such as SpecObs must be aware of local

regulation for the location that is queried by the user. The policy holder contains detailed

rules imposed by corresponding agencies and provides the data to computation engine to

calculate protection regions and estimate available white space spectrum.

2.2.3 Terrain Data

There are few terrain databases available publicly with different resolutions (number of

sample points per arc-degree in latitude and longitude). Some of these are local (NED

for US) and some are global (Globe 30 arc-sec database also known as Gtopo30). We

consider three sets of data with 30, 90 and 900 meters resolution in latitude and longitude.

Terrain data are used by the computation engine to estimate path loss between a pair of

transmitter-receiver for the purpose of calculating coverage area (will be discussed later).
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2.2.4 Computation Engine

There are two main tasks for computation engine as follows:

1. Protection Region Calculation: For each primary TV transmitter, FCC defines an

area called protected region in which primary receivers are able to receive the signal

successfully. Therefore, this area should be protected from any source of external

interference. Computation engine imports all technical information for each primary

transmitter that is obtained from FCC CDBS database to calculate the coverage area

of that specific transmitter. This block also needs terrain data for estimating coverage

area. Currently we support three path-loss models known as ‘Longley-Rice Point-to-

Point’, ‘Longley-Rice Area’ and ‘FCC Propagation Curve’ for calculation of coverage.

The latter is the official FCC-sponsored model for path loss calculation. The resulting

calculated coverage is stored in the ‘Primary DB’, an example of which is presented

in Fig. 2.4.

2. TVWS Estimation: Once a user queries for TVWS information, the web server

receives HTTP request including queried location from the user. The web server calls

the computation engine by passing location (latitude and longitude). The computa-

tion engine calculates available WS channels, predicts noise floor (dBm) and capacity

(Mbps) for each available channel in real-time and provides the results to web-server.

2.2.5 Data Manager

The data manager block is the interface between SpecObs server and spectrum sensor nodes.

It is responsible for receiving sensing data packets from sensor nodes, reformat the data for

internal compatibility and provide the information to spectrum analysis engine and Geo-

statistics engine. For example, the sensor nodes can save sensing data in CSV file format

and upload to the server. Data manager periodically checks for new files, once received it

parses the data and passes them to spectrum analysis engine.
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Figure 2.4: Sample protection regions calculated by SpecObs for WA state using ‘FCC
Propagation Curve’ as path loss model. Different colors correspond to different types of TV
transmitters.

2.2.6 Spectrum Analysis Engine

The engine calculates statistical information of received sensing data (such as average,

minimum and maximum RSSI) for different frequencies within the broadband spectrum and

tags them with location and time. For TV bands, the engine calculates average, minimum,

maximum, and total RSSI for each 6-MHz TV channel. Furthermore, it performs a DTV

pilot detector algorithm to search for presence of digital TV waveforms and it differentiates

between TV/non-TV signals that are active in this band.

2.2.7 Geo-statistics Engine

One major limitation of spectrum sensing methods is the lack of sensing data for every

location and time. Clearly, deployment of many spectrum sensors in the environment is

not a practical choice. The geo-statistics engine is considered to cover for places with no

real measurement data. It utilizes Kriging techniques to model spatial correlation of signals

in the environment and then interpolates them for unknown locations. Our improvements

on the geo-statistics model is an ongoing efforts in which we use real measurement data

obtained for TV bands in the New Jersey area.



16

Table 2.1: Protected TV Services Considered by SpecObs

DB Key Service Type

TX TV Translator/LPTV Analog
LD Digital TV Translator or LPTV Digital
CA Class A TV Analog
DT Digital TV Digital
DC Digital Class A TV Digital
DD DTV Distributed Transmission System (DTS) Digital
TV Canadian and Mexican Border Stations —
DX Digital Auxiliary (backup) Facilities Digital
DTS Distributed Television Service stations Digital

2.3 Computational Architecture of SpecObs

There are various types of entities that share TV spectrum and are protected by FCC rules.

This includes TV transmitters, Private Land Mobile Radio Services (PLMRS), Commercial

Mobile Radio Services (CMRS), etc. Protection rules are highly dependent on the type of

service. Table 2.1 shows TV services that are considered for protection in SpecObs (and

other DBAs). The main difference between these services is minimum signal strength for

defining the edge of protection region and maximum acceptable interference from SU devices

(which determines the minimum separation distance).

Table 2.2 shows some of non-TV protected entities in TV bands that are considered by

DBAs.

2.3.1 Path-Loss Calculation

As it was explained before, computation engine calculates protection region for each licensed

entity. Each region is defined in terms of the maximum distance at which signal strength is

above a certain threshold. Estimating signal strength at each location needs calculation of

path-loss between PU transmitter and desired location.

There are many path loss models in the literature that are defined for various spectrum

bands and various applications. For TV services, we need a path loss model that basically

considers many physical parameters related to transmitter and receiver antennas and it
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Table 2.2: Other Protected Entities in TV Band

Name Service Description

PLMRS/CMRS Also known as T-band devices, are active in channels 14 to
20 in eleven metropolitan areas across US.

Wireless-Mic Specific channels are reserved for wireless microphones. In
addition, individuals can register their device for further
number of channels as required.

Radio Astronomy Sites Passive sites that are used for radio astronomy operations.
No SU operations is allowed within 2.4 km from the location
of these sites.

Offshore Radio Services Active in channels 15 to 18 at four areas across US and are
protected from SU interference.

has a wide range for input parameters (for example antenna height in TV applications

can vary from 30 meters to several hundred meters above average surrounding terrain). A

suitable path loss model that is specifically designed for this matter is Longley-Rice model.

FCC however mandates a weaker version of this model for use by DBAs known as ‘FCC

Propagation Curves’.

• Longley Rice Model: which is defined for two operational modes:

1. LR Area Mode

2. LR Point to Point Mode

The basic difference between these two modes is the way terrain information is uti-

lized. In summary, LR Area uses average information about terrain heights relative to

TX/RX height and does not use detailed information about height across any specific

path connecting TX/RX. On the other hand, LR P2P uses detailed height data across

a line connecting TX to RX to estimate path loss along that specific path. Common

parameters in both modes are listed below:

– Frequency: Similar to most of other path loss models, frequency has a major

effect on calculated path loss.
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– Polarization: Antenna polarization is also a factor that can affect path loss.

– Time/Location/Confidence (TLC) Percentage (.01 to .99): These three factors

introduce statistics into path loss models. For example, time percentage defines

the fraction of time in which path loss is less than this value. So is the location

percentage for the fraction of location. These parameters significantly affect the

final result.

– SGM Conductivity: Conductivity of ground in S/m, with a default value of 0.005

– Surface refractivity (N-unit); default value is 301.0

– Epsilon Dielectric: Dielectric constant of ground; default value in ITM applica-

tion is 15.0;

– Radio Climate: for which following options are possible

∗ Equatorial

∗ Continental Subtropical

∗ Maritime Tropical

∗ Desert

∗ Continental Temperate

∗ Maritime Temperate, Over Land,

∗ Maritime Temperate, Over Sea

1. LR Area Mode: The main intent of LR in Area mode is to provide a relatively

accurate estimate of path loss that is circular around the transmitter (However,

we modify it to a non-circular model). The main terrain parameters in this mode

are:

– TX height above average terrain: This parameters defines relative height of

transmitter with respect to surrounding terrain. Originally this is meant to

be measured around the transmitter in every direction as a single number

but we calculate it separately in every direction with step of 1 degree to

provide a non-circular pattern for path loss. Therefore, for every direction,

we select points in 3.2km to 16.0km from the transmitter and find average

terrain height.
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– RX height above average terrain: Just like previous parameters, RX height

above average terrain shows relative height of the receiver antenna w.r.t.

surrounding area.

– Terrain Roughness (or Irregularity) ∆H: This parameter captures the char-

acteristics of the path connecting TX to RX. According to FCC documents,

it should be calculated in a range of 10 to 50 km from transmitter. The

parameter is defined as the height difference between the 10% point to 90%

point in the histogram of the heights along the path. Therefore, for a plain

path, ∆H turns out as a small number and for a mountain like path it will

be a large number. In our implementation, we calculate ∆H for every angle

around TX to achieve a non-circular path-loss model. Therefore, ∆H and

TX height are the factor we use for achieving a non-circular model.

– Tx Site Criteria: This parameter defines how transmitter site is set up.

Possible values are ‘Random’, ‘Careful’, and ‘Very Careful’.

– Rx Site Criteria: The same definition as above for receiver.

2. LR Point to Point Mode: LR P2P is originally defined as a non-circular path

loss model that is calculated for a pair of TX, RX. The main terrain parameters

in this model are:

– TX height above average terrain: Just the same way as LR Area mode, this

parameter defines transmitter height w.r.t. surrounding area for every angle.

– RX height above average terrain

– Vector of (distance, height) pairs: The main difference between LR P2P and

LR Area is the usage of this vector. Unlike LR Area, terrain variations in

P2P is not averaged out along the path connecting TX to RX. Instead, exact

values of terrain height along this path are provided to the model as a vector

of (distance, height) which defines terrain height at a particular distance

from transmitter.

• FCC Propagation Curve: which is a simpler path loss model than Longley-Rice.

This is the path-loss model that is suggested by FCC as the standard for all DBAs
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and has following input parameters:

– Propagation Curve: Which has the following three options F(50, 50), F(50, 10),

F(50, 90). The numbers in bracket represents location, time percentages respec-

tively. This is equivalent to TLC percentages in LR model with less flexibility in

possible values.

– Transmitter HAAT: Transmitter height above average terrain. Receiver height

is considered a fixed number of 10.0 meters in the model and is not modifiable.

2.3.2 Capacity Calculation

Capacity in this context is equivalent to estimation of noise and interference floor. We

define capacity as the maximum throughput that is possible for a single pair of secondary

Tx-Rx based on Shannon theory. Therefore, we need to calculate total interference that is

experienced by a secondary user at any specific location. This includes following sources of

interference:

1. Co-Channel Interference: All transmitters that are active in the current channel for

a distance of up to 300 km are considered for this interference. The received signal

strength is calculated using any of the aforementioned path loss models and accumu-

lated for all active TV broadcasters.

2. Adjacent Channel Interference: This source of interference is calculated by considering

a specific transmission filter for TV broadcasters and calculating power leakage in

physically adjacent channels (Note that some channels are not physically adjacent

even though their channel number is adjacent, such as channel 13 and 14).

3. Secondary to Secondary Interference: For mutual interference of secondary transmit-

ters, a more suitable model is HATA model which is specifically calibrated for urban,

suburban, rural areas [21]. We use this model to estimate possible mutual interference

between secondary users that are sharing the same channel.
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Chapter 3

CAPACITY CONSIDERATION IN TV WHITE SPACE

The so-called ‘TV white spaces’ (TVWS) - representing unused TV channels in any given

location as the result of the transition to digital broadcasting - is designated for unlicensed use

[18, 19, 22] by U.S. Federal Communications Commission (FCC). This presents significant

new opportunities within the context of emerging 4G networks for developing new wireless

access technologies that meet the goals of the US National Broadband Plan [23] (notably true

broadband access for an increasing fraction of the population). There are multiple challenges

in realizing this goal; the most fundamental being the fact that the available WS capacity

is currently not accurately known, since it depends on a multiplicity of factors - including

system parameters of existing incumbents (broadcasters), propagation characteristics of local

terrain as well as FCC rules. In this chapter, we explore the capacity of white space networks

by developing a detailed model that includes all the major variables, and is cognizant of FCC

regulations that provide constraints on incumbent protection. Real terrain information and

propagation models for the primary broadcaster and adjacent channel interference from TV

transmitters are included to estimate their impact on achievable WS capacity. The model is

later used to explore various trade-offs between network capacity and system parameters and

suggests possible amendments to FCC’s incumbent protection rules in the favor of furthering

white space capacity.

3.1 Introduction

Next generation of cellular data networks will face an exponential growth of wireless data

traffic resulting from the boom in multimedia applications running on smart phones, tablets,

and other wireless devices [24]. Available 4G (licensed) spectrum will clearly be insufficient

to meet this demand, leading to cellular operators searching for novel mechanisms to achiev-

ing operational efficiencies that enhance network capacity. Obviously, an essential response
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to this increasing demand is the opening of new spectrum - both licensed, and recently,

unlicensed. Resulting from the transition to digital TV broadcasting1 and the consequent

freeing up of VHF/UHF spectrum (between 50-700 MHz), FCC took the unprecedented

step of allocating significant portions for unlicensed use, intended for providing enhanced

wireless broadband access [18,19]. These bands - collectively denoted as TV White Spaces

(TVWS) - are juxtaposed with the 4G 700-MHz licensed bands2 and will allow secondary

(unlicensed) users to opportunistically access them as long as interference protection guaran-

tees to the neighboring primary (licensed) networks are ensured. A strategy for coordinated

use of both licensed and unlicensed 700 MHz spectrum is the likely answer for 4G cellular

operators, just as offloading to 802.11 WLAN hotspot networks has proved to be a boon for

3G network providers. TVWS (sometimes subbed as ‘super Wi-Fi’) may potentially pro-

vide even more significant offload/spectrum aggregation opportunities, considering other

proximal government-held spectrum that are also being explored for de-regulation [25–29].

Clearly, the most critical task for a Dynamic Spectrum Access (DSA)-based cognitive

user is finding spectrum ‘holes’ efficiently [30], i.e., spectrum resources in time-frequency-

spatial dimensions at any location that are currently available, which can be then used

for unlicensed operation. Current FCC rules of operation for unlicensed users in TVWS

require them to register with and obtain recommendations from a list of approved Database

Administrators (DBA) - such as a list of available TVWS channels - for their operation, so as

to ensure interference protection to the incumbents. The DBA is responsible for complying

with FCC regulations [19] in modeling all primary users status, as a basis of providing the

necessary recommendations to the secondary users requesting access.

In this work, we explore a fundamental issue pertaining to WS usage by secondary net-

works, which may be succinctly captured by the question How much WS network capacity

actually exists per FCC rules?. Clearly, the answer to this question is of paramount im-

portance to 4G network operators as they consider new infrastructure for unlicensed WS

access as part of their operations. We show that it depends on multiple factors:

1In the U.S. this was completed by June 2009.

2For example, portions of 698-806 MHz were auctioned off by 2008 in the U.S. to provide for 4G mobile
broadband services.
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� Primary Network Parameters (transmit power and signal masks, modulation/coding)

� FCC rules for protection of primary users/networks by limiting secondary operation

(protection regions, adjacent TV channels, primary receiver design and sensitivity)

� Propagation Characteristics (location dependent terrain models, heights etc.)

� Secondary network parameters (transmit power and signal masks, modulation/coding,

multiple access schemes)

Prior works on this topic, notably [31–35] do not provide a sufficiently nuanced exploration

of this question (available secondary network capacity) as a function of all the parameters

above. Notably, the structure of the spatial variations in secondary capacity has not been

adequately captured, in our opinion. Further, FCC regulations have evolved significantly

since the first release of TVWS [19, 22] as well as the primary network (TV broadcasters)

which in turn impact TVWS capacity analysis. Mutual effects of secondary and primary

networks, such as co-channel and adjacent-channel interference, are not considered. Further-

more, realistic and empirical path loss models that are based on actual terrain information

have not been previously used.

We develop a spatial description of WS capacity via a model that captures both pri-

mary and secondary network aspects as well as channel and environmental characteristics.

An important side benefit of our analysis is the spotlight it shines on whether the current

incumbent protection rules proposed by the FCC may need amending in the interests of pro-

moting more WS availability. Our analysis thus provides fundamental insights into aspects

of coexistence between secondary users and primary transmitters as a function of FCC reg-

ulations [18, 19]. The rest of the chapter is organized as follows. Section 3.2 defines the

network structure for coexistence of secondary and primary users. Section 3.3 formulates

capacity of each secondary cell. The problem of channel availability determination is dis-

cussed in section 3.4 which includes current FCC rules, primary protection region definition

as well as selection of propagation (path loss) model along with underlying physical envi-

ronmental parameters. Section 3.5 introduces interference models. Numerical calculations
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in section 3.6 provides high level results on available secondary capacity whereas section 3.7

explores multiple trade-offs that arise. Finally, section 3.8 concludes the chapter and some

supplementary details are provided in the appendix.

3.2 Secondary Network Architecture

In practice, secondary networks can be deployed arbitrarily as an ad-hoc network. However,

the outcome of such ad-hoc networks will be increased mutual interference and degradation

of throughput (this is what has already been observed in chaotic WiFi deployments in 2.4

GHz). Therefore, cellular planning is a smarter choice; a very good use case are Small Cells

that are deployed outdoors (stadiums, halls etc. for events) under control of the network

operator. In this section, we consider secondary cellular networks that coexist with primary

network.

Cellular communication systems are based on the notion of frequency reuse which allows

a channel to be spatially re-used by different users, as long as the co-channel interference

is within acceptable bounds. However, for TVWS applications, the cellular layout of the

secondary cells (SC) is further restricted by the primary protection regions, as shown in Fig.

3.1. This figure presents TV towers as an irregular primary network, where each primary

cell corresponds to the coverage area of the associated tower extended by an additional

distance for protection of PUs on the edge. Here, ri is the maximum distance at which

the received TV signal is above the detection threshold [19,36,37]. The regions outside the

primary transmitter coverage area constitute the white/gray space [17] that can be utilized

by secondary networks; secondary cells are naturally much smaller than primary cells, due

to power and antenna height limitations.

Characterizing the white spaces and the primary-to-secondary interference requires knowl-

edge of deployment of TV towers (primary transmitters) and their parameters, which is

available from the FCC database [38]. Comparing the examples of TV channels 13 (see Fig.

3.6) and 5 (see Fig. 3.7) indicates that the patterns of spatial reuse for primary (TV chan-

nels) are irregular (across channels). As a result, the availability of WS shows significant

spatial variations, which we explore in more details later.

Let’s define the set of available white space channels in a secondary cell A (according to
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Figure 3.1: Coexistence of primary and secondary cellular networks

FCC rules for protection of primary users) as:

Υ(A,ΓA) = {ci : Channel ci is available at cell A with parameter ΓA} (3.1)

where ΓA represents all relevant network parameters that can affect channel availability,

including transmission power, antenna height above average terrain, out of band emission,

etc. Note that Υ(B,ΓB) represents a different list of available channels. In order to protect

secondary users from secondary interference, only a subset of available channels are assigned

to each secondary cell which is considered in section 3.5.

3.3 Secondary Link Capacity

We begin developments by computing the Shannon capacity of a (hypothetical) secondary

transmitter-receiver pair located at a point, i.e. the capacity of an infinitesimal cell with

one active link where the separation between the source and receiver is negligible. At

this point, we assume that the secondary users are allocated one of the available channels

ci ∈ Υ(A,ΓA) at any secondary cell A (this assumption will later be generalized by summing

over all possible channels); the capacity is a function of the usual parameters - signal to
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noise + interference ratio and available bandwidth

Ccell = W0 log2(1 + SINR) (3.2)

where W0 = 6 MHz (for TV channels in USA) represents the bandwidth of an NTSC TV

channel. Since the allocated channel ci is not available at every location, a more appropriate

measure of available capacity is an area average. To do this, we introduce a Bernoulli random

process for the availability of any secondary WS channel, as follows:

W (QT ,Γ) =

 W0 QT 6∈ Ω and Γ ` FCC rules

0 QT ∈ Ω or Γ 6` FCC rules
(3.3)

where QT is the transmitter location, Ω is the set of all protection regions for the channel

currently under exploration. Γ, as defined before, is the set of network parameters that must

comply with FCC requirements (`) for incumbent protection. Using this, let’s define the

channel availability probability p(Γ) = Pr[QT 6∈ Ω] as the normalized average of W (QT ,Γ)

over an area A

p(Γ) =
1

A

∫
A

W (QT ,Γ)

W0
dQT (3.4)

The capacity averaged over transmitter and receiver locations is thus

Ccell(Γ) =

∫
A

∫
A

W (QT ,Γ) log2(1 + SINR(QR))

A2
dQRdQT (3.5)

where the SINR depends on (secondary) receiver’s location QR. Eq. (3.5) can be calculated

for every channel separately and the overall capacity of a cell that is exploiting all available

channels is obtained by summing over all channels

Ccell,total(Γ) =
∑

ci∈Υ(cell,Γcell)

∫
A

∫
A

W (QT ,Γ) log2(1 + SINR(QR, ci))

A2
dQRdQT (3.6)
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3.4 Channel Availability Determination

Availability of every permissible TV channel ci ∈ {2 : 51} is mainly a function of location

and secondary user transmission characteristics. FCC defines various rules for secondary

TV band devices (or TVBDs, subsequently) to protect primary receivers [18,19] that affect

the probability of channel availability. A brief summary of the relevant FCC regulations

follows:

� Permissible Channels: A fixed TVBD may operate on any channel in {2 : 51} \

{3, 4, 37} subject to conditions below [18,19]. Further, personal/portable devices may

only transmit on available channels above channel 20, {21 : 51} \ {37} subject to

following requirements.

� Power limit: For fixed TVBD, the maximum power delivered to antenna may not

exceed 1 watt in 6 MHz with a maximum of 6-dBi gain for antenna (maximum 36-

dBm of EIRP3). For personal/portable TVBD, the maximum EIRP shall not exceed

20dBm per 6 MHz. If portable TVBD is transmitting in an adjacent channel to a

primary transmitter, then maximum EIRP is limited to 16-dBm.

� Antenna height: The transmit antenna for fixed devices may not be more than 30

meters above the ground. In addition, fixed devices may not be located at sites where

the antenna height above average terrain is more than 250 meters. Portable device

antenna is assumed to be less than 3 meters above the ground.

� Interference protection: TVBD must protect digital and analog TV services within

the contours defined in Table 3.6 for various types of TV services. Fixed and portable

TVBD are not allowed to transmit within a minimum separation distance from the

border of protected contour that is defined in [19] based on secondary transmitter class

and height above average terrain (HAAT). Fixed devices must be outside protection

regions of co-channel and adjacent channel stations. Portable devices are allowed to

transmit within adjacent channel contours with a maximum power of 40 mW.

3Effective Isotropic Radiated Power
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� PLMRS/CMRS: In 13 major metropolitan areas that are specified by FCC, some

of the channels between 14 to 21 are reserved for PLMRS/CMRS. Therefore, TVBD

may not operate at distances less than 134-km for co-channel operation and 131-km

for adjacent channel operation from the center of those designated areas.

� Radio Astronomy Sites: TVBDs are not allowed to operate at any TV channel

within 2.4 km from registered radio astronomy sites in FCC database.

� Microphone Reserved: The first available TV channel above and below channel 37

are reserved for wireless microphones. If no channel is available above(below) channel

37 then the two channels below(above) are reserved. TVBDs are not permitted to

operate on these reserved channels.

The aggregate effect of FCC rules is modeled through defining protection regions for pri-

mary users, as discussed below, where no secondary is allowed to transmit. Note that protec-

tion region includes protection contour as well as minimum separation distance. Therefore,

channel availability probability represents the ratio of the area where channel is considered

free (according to regulations above ) to the total area of discussion.

3.4.1 Primary Protection Region

Considering a permissible WS channel ci at any location and an area A with N co-channel

secondary and M adjacent-channel (either channels ci−1 or ci+1) primary users. For every

licensed device, a protected contour [18], defined by FCC for different types of stations, is

considered that represents the coverage area of that transmitter. This grade B contour for

TV broadcasters, is a function of following parameters:

� Pt: Primary transmitter effective power (EIRP)

� ∆: Minimum required signal for primary receiver, defined in Table 3.6

� f : Frequency
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� ht/hr: Tx/Rx Antenna height above average terrain (HAAT)

� ∆H: Terrain irregularity parameter which distinguishes plains versus mountains.

� Service type: FCC regulates different rules for various services in TV band, such as

PLMRS/CMRS4 versus low power auxiliary services including wireless microphones.

� Environmental effects that change propagation path loss, such as radio climate, con-

ductivity of ground, surface refractivity, etc.

The overall protection region is an area of radius rp = rPC + dMS where rPC is the

protected contour radius and dMS is an additional minimum separation distance as shown

in Fig. 3.2. Detailed description of protection region calculation is provided in Appendix

3.A. We define this area as the primary network cell shown in Fig. 3.1. The secondary

cells can exist in any region beyond these primary protected cells. Therefore, the channel

availability probability, using an area average, is approximated as

p(Γ) = 1−
∑N
j=1Ap,co(j) +

∑M
k=1Ap,adj(k)−

∑
i

∑
j Ap(i, j)

A
(3.7)

where Ap,co(j) is the co-channel protection area for transmitter j ∈ {1 : N} and Ap,adj(k)

is adjacent-channel protection area for transmitter k ∈ {1 : M}. In most cases, as our

simulation reveals, there are significant overlaps between co-channel and adjacent channel

areas which is considered in Ap(i, j). Dependency of Ap,co, Ap,adj on Γ is removed for

notational simplicity.

We remark that the protection region in reality is generally an irregular area that is

non-circular, largely due to varying terrain heights as a function of azimuth angles as seen

at a primary transmitter location.

4Personal Land/Commercial Mobile Radio Services
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Figure 3.2: Protected contour v.s. protection region defined by FCC

3.4.2 Path Loss Model

Choosing an appropriate path loss model is very important in TVWS capacity analysis

because it directly affects all subsequent results and choice of secondary parameters. There

are various path loss models in the literature that has been adopted for different applica-

tions, frequency range and environments [21, 37, 39–42]. Except for free space model that

is derived from pure theory, most useful path loss models are based on experimental mea-

surements; this includes the well-known HATA model family for different terrain categories

such as urban, suburban and rural areas [21] that has been widely used in cellular network

planning. However, such path loss models are significantly limited in terms of accuracy in

their range of parameters such as transmitter/receiver antenna height, coverage distance

and frequency. Therefore, for TV tower specifications including very high altitude (as high

as 700 meters) and broad coverage area (upto 100 km), more general models are required

that incorporate real terrain information. We thus settle on the Longley-Rice (ITM) model

that is measurement-driven and covers a wide range of input parameters, appropriate for

TV coverage estimation [36]. A computer implementation of this model is provided by

NTIA [41] called ITM, and is described here.
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Irregular Terrain Methodology (ITM) estimates radio propagation losses for frequencies

between 20-MHz and 20-GHz as a function of distance and the variability of the signal in

time and space. It is an improved version of the Longley-Rice Model [43], which gives an al-

gorithm developed for computer applications. The model is based on electromagnetic theory

and signal loss variability expressions derived from extensive sets of measurements [40, 44].

It is applicable to point-to-area calculations with point being the location of a broadcast

station or a base station for mobile service and area refers to locations of broadcast receivers

or mobile stations. The area is described by the terrain roughness factor (irregularity pa-

rameter) ∆h, which is defined as the interdecile value computed from the range of all terrain

elevations for the area, calculated separately in every direction.

Based on Longley-Rice methodology, calculation of coverage is as follows. For analog

TV, computation is made inside the conventional Grade B contour defined in Section 73.683

of the FCC rules, with the exception that the defining field for UHF channels is modified

by subtracting a dipole factor. The same adjustment is needed for digital TV calculations.

Modified signal strength tables for analog and digital TV are shown in Table 3.7.

ITM - Input Parameters

The following input parameters are required for a proper description of the communication

link. The main parameters affecting this model are:

� f : frequency, 20 MHz to 20 GHz.

� d: Distance between the two terminals, 1 km to 2000 km.

� hg1, hg2: Antenna structural heights, 0.5 m to 3000 m.

� pol: Horizontal or Vertical polarization.

� ∆h: Terrain irregularity parameter. This is the main parameter that captures the

effect of terrain elevation on path loss calculation.
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Note that antenna heights are calculated relative to average terrain height surrounding TV

transmitter. This in fact changes in different angles and results in non-circular path loss

patterns just as terrain roughness parameter ∆h creates angle dependency.

3.5 Interference Model

SINR is by definition the ratio of received power at receiver location to noise and interference:

SINR(QR) =
Psec,RX(QR)

N0W0 + I(QR)
(3.8)

There are two sources of interference in TV white space networks:

3.5.1 Primary-to-Secondary

Although primary users are protected from undesired interferences from unlicensed devices,

they introduce a significant source of interference to secondary users working in the same

or adjacent bands. The level of interference at every location depends on the distance from

the secondary receiver to nearby TV broadcasters, as shown in Fig. 3.3, as well as other

physical parameters such as antenna height.

TV transmitters introduce both co-channel and adj-channel interference to secondary

users, due to signal leakage from each channel to lower/upper bands. The aggregate inter-

ference for the receiver location QR is:

IP2S(QR) =
N∑
i=1

(1− η)
PiGi

LTV (di)
Gr +

M∑
j=1

η
PjGj

LTV (dj)
Gr (3.9)

where Pi/Gi is the transmitter power and antenna gain, LTV (.) is path loss function from

TV broadcaster, Gr is the receiver antenna gain and N/M is number of co-channel/adj-

channel surrounding TV towers (we consider TV transmitters up to a distance of 300 km

in numerical calculation section). η is the leakage factor for TV transmitters defined as the

ratio of power transmitted in upper/lower band to total power and di is distance to primary

transmitter i. Note that, location dependency, IP2S(QR) is hidden inside distance factor di.

In order to consider adjacent channel interference in simulation, we consider a practical
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Figure 3.3: Primary-to-Secondary interference

transmission mask, introduced for 8-VSB standard [45], shown in Fig. 3.4 for full service

digital TV transmitters. It defines maximum power leakage to upper and lower channels

for a maximum of two channel distance. Similar masks are defined for TV translators and

low power TV broadcasters [45]. Full service transmitter mask is defined as below:

� In the range between Channel Edge and 500 kHz from the Channel Edge: Emission ≤

−47dBDTV
5

� More than 6 MHz from Channel Edge: Emission ≤ −110dBDTV

� At any frequency between 500kHz and 6 MHz from the Channel Edge: Emission ≤

−(11.5(|∆f |−0.5) + 47)dBDTV , with ∆f being the frequency difference in MHz from

the Channel Edge.

By defining the emission mask function E(f) as above for full service DTV, the overall

5dBDTV is the relative power with respect to total power in the transmitter’s 6 MHz Channel including
the pilot
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Figure 3.4: 8-VSB Full Service Transmitter Emission Limits [3].

leakage to adjacent channels with respect to total power is:

η±1(DTV ) =

∫ 6

0
10E(f)/10df = 1.75 ∗ 10−5

η±2(DTV ) =

∫ 6

0
10−110/10df ≈ 0

Following the same procedure for LPTV DTV or translator services results in:

η±1(LPTV ) =

∫ 3

0.5
10−(1.15(f−0.5)+4.7)df

+ 5 ∗ 10−5.7 + 3 ∗ 10−7.6 = 1.76 ∗ 10−5

η±2(LPTV ) =

∫ 6

0
10−76/10df = 1.51 ∗ 10−7

3.5.2 Secondary-to-Secondary

The interference that is experienced by a white space receiver from other TVBD users has

severe impacts on its performance. As discussed before, the area A is divided to multiple

cells and each channel is used several times in non-adjacent cells. The minimum distance



35

that allows the same frequency to be reused will depend on many factors, such as the

number of co-channel cells in vicinity of the center cell, the type of geographic terrain

contour, antenna height, and transmitted power at each cell site, [46].

The frequency reuse distance D can be determined from

D =
√

3Krcell (3.10)

where K is the frequency reuse pattern, defined by shift parameters K = i2 + ij + j2. In

theory, increasing D will reduce the chance of co-channel interference and is desired. On

the other hand, spectrum inefficiency will also increase as the ratio of q = D
rcell

increases.

The goal is to obtain the smallest K that maximizes efficiency and still meets the protection

requirements on incumbents. This involves estimating co-channel interference and selecting

the minimum frequency reuse distance D feasible.

Here, we assume that secondary cell size is fixed and is determined by the coverage area

corresponding to the secondary transmit power [46]. For a homogeneous secondary network

with fixed cell size, the co-channel interference is independent of the transmitted power of

each cell, i.e. the receiver threshold at a mobile secondary receiver is adjusted to the size

of the cell. The received carrier-to-interference ratio at the desired mobile receiver is [46]

C

IS2S
=

C

KI
∑
i,j∈[0,1,...] Ii,j

(3.11)

where KI is the number of interferer at each tier and Ii,j is the interference of the co-

channel cell shifted by i, j. In a fully equipped hexagonal-shaped cellular system, KI = 6

and Ii,j = Psec,TXG
2
secLsec(Di,j) where Di,j is the distance from (i, j)’s interfering cell and

Di,j =
√
i2 + ij + j2D. Gsec is secondary antenna gain and Lsec(.) is path loss function

between secondary users. The overall experienced secondary-to-secondary interference is

IS2S = Psec,TXG
2
secKI

∞∑
i=0

∞∑
j=i,j 6=0

Lsec(Di,j) (3.12)

In practice, the closest cells are the prominent interferers and the sum above is practically

limited to i, j = 2 instead of infinity. Note that IS2S depends on precise location of the
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receiver inside the cell. However, we consider an uplink-only scenario in which interference

is calculated at the center of the cell site. The resulting SINR is

SINR(QR) =
Psec/Lsec(rcell)

N0W0 + IP2S(QR) + IS2S
(3.13)

Using (3.5), (3.7) and (3.8), the average capacity per cell for each individual TVWS channel

is

Ccell(Γ) =

∫
A

∫
QR

W (QT ,Γ)

KA2
log2

(
1 +

Psec/Lsec
N0W0 + IP2S(QR) + IS2S

)
dQRdQT (3.14)

3.6 Numerical Calculations

In this section, numerical results are provided for evaluation of the analysis in previous

sections. The main focus is to explore dependency of network capacity on various parameters

and subsequent optimization of parameter choices. All simulations are performed on a

TVWS simulation platform developed at University of Washington, a snapshot of which is

shown in Fig. 3.5. This platform models protection regions for all primary transmitters

registered in the FCC database [38], and applies all FCC regulations to determine available

channels to secondary devices. It also estimates interference level and achievable capacity at

any location inside the United States. High resolution terrain elevation6 is used for accurate

computation of path loss function. Population data are obtained from [49] which is based on

Census 2010 publication and provides high-resolution spatial distribution of US population

especially in urban areas. Statistical results are based on Monte-Carlo simulation over

20,000 locations in contiguous United States which are carefully chosen to cover various

population densities from unpopulated (<10) to overpopulated (>10000) regions7.

We use particular path loss models for different parts of the analysis. Specifically, we

use Longley-Rice in area mode to calculate protected regions of TV broadcasters. For

6Terrain data, obtained from [47] and [48], are used in calculation of transmitter height above average
terrain (HAAT), terrain irregularity ∆H in Longley-Rice area-mode path loss model, and for terrain-
specific Longley-Rice point-to-point model.

7This simulator considers all FCC regulations as specified in [20] and is publicly available at
http://specobs.ee.washington.edu/
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Figure 3.5: TVWS simulation engine, developed at University of Washington, a cloud based
simulator for TVWS. Protection regions are shown for channel 19 across Washington state;
List of available channels for fixed and mobile devices, as well as estimated interference level
and capacity are shown for available channels [4]

primary to secondary interference, Longley-Rice in point to point mode is used that highly

depends on the terrain profile between transmitter and receiver. This is a terrain-specific

path loss model, well designed for calculation of path loss between two individual points.

Finally, Hata model is used for secondary to secondary interference because it is particularly

designed for mobile services in urban, suburban and rural areas.

Fig. 3.6 and 3.7 show calculated protection regions for TV transmitters on channel 13

and 5 across the continental US, using Longley-Rice methodology in area mode. The spatial

distribution of transmitters as well as non-circularity of protections regions, as a result of

terrain variations, are well highlighted in the figures. Note the general lack of structure in

the distribution of TV transmitters, indicating the lack of any prior planning (as in cellular

layout) for TV broadcast.

3.6.1 Channel Availability Statistics

FCC regulation restricts TVBD in many aspects from maximum power and antenna height

to not using adjacent channel to active TV stations. In this section, we provide some
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Protection Regions for TV Transmitters in channel 13

TV Transmitter

Protection Region

Figure 3.6: Protection region for TV transmitters broadcasting on channel 13; Using Longley
Rice model in area mode

TV Transmitter

Protection Region

Figure 3.7: Protection region for TV transmitters broadcasting on channel 5; Using Longley
Rice model in area mode

statistical information about the overall effects of these rules on total number of available

WS channels for fixed and portable devices.

Table 3.1 shows the average number of available channels for fixed and portable TVBD

in various frequency bands. In addition, the number of channels that are used by TV
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Table 3.1: Average number of available channels for different TVBD classes

Device Type LVHF(2:6) HVHF(7:13) UHF(14:51\37) Total

Total Available 1.65 1.17 11.38 14.20

Fixed Devices 1.65 1.17 4.85 7.68

Portable/Personal 0 0 10.24 10.24

non-TV Services 0 0 4.2 4.2

Busy Channels by TV 1.04 3.65 19.34 24.03

Unused Channels 2.31 2.18 6.28 10.76

Channel Utilization Factor 53.8% 68.9% 83% 78%

transmitters (Busy8 channels) as well as the total number of channels that are not released

for unlicensed operation (Unused9 channels) are provided. At the bottom of the table is the

final utilization factor that is achieved by permitting unlicensed operation and it is defined

as CUF = 1 − Unused Channels
Total TV Channels . As the table suggests, an average of 10.76 channels

are still left unused even with operation of TVWS devices, which is ≈ 22% of all channels.

By repeating this simulation for two separate categories of locations, urban versus rural

areas, interesting results are observed. As shown in Table 3.2 and Table 3.3, the number

of available WS channels is highly dependent on population density. The total number of

channels in rural areas are twice as many as in the urban areas, mainly because of significant

reduction in the number of active TV transmitters; however, the number of unused channels

is approximately the same in both.

The variation of the average number of channels versus population density is also of

interest. Fig. 3.8 shows the total number of available channels, sub-divided into those

for fixed and portables devices. There is a noticeable big reduction in TVWS channels

as population density approaches 1000 per sq. mile (representing transition from rural to

semi-urban areas) and thereafter, the changes are slower. The number of unused channels

does not change significantly with population density, as noted in Tables 3.2 and 3.3. Fig.

8We consider a channel as busy if target location is inside the service contour for that transmitter.

9Any channel that is not used by TV services (outside service contour) and not released for TVWS oper-
ations. Thus, it includes channels reserved for wireless microphone, PLMRS/CMRS, and radio astronomy
sites.
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Table 3.2: Average number of available channels for urban areas; A minimum population
density of 1000 person per squared miles is considered as urban areas.

Device Type LVHF(2:6) HVHF(7:13) UHF(14:51\37) Total

Total Available 1.60 1.10 10.66 13.35

Fixed Devices 1.60 1.10 4.23 6.93

Portable/Personal 0.00 0.00 9.63 9.63

non-TV Services 0.00 0.00 4.31 4.31

Busy Channels by TV 1.09 3.75 20.00 24.83

Unused Channels 2.31 2.16 6.34 10.81

Channel Utilization Factor 53.8% 69% 82.8% 78%

Table 3.3: Average number of available channels for Rural areas; With population density
less than 1000 person per squared miles

Device Type LVHF(2:6) HVHF(7:13) UHF(14:51\37) Total

Total Available 2.38 2.17 21.30 25.84

Fixed Devices 2.38 2.17 13.34 17.89

Portable/Personal 0.00 0.00 18.54 18.54

non-TV Services 0.00 0.00 2.64 2.64

Busy Channels by TV 0.39 2.40 10.26 13.04

Unused Channels 2.24 2.43 5.45 10.11

Channel Utilization Factor 55% 65% 85% 79%

Table 3.4: Average number of available, busy, and unused channels for selected markets in
United States

Device Type NY Houston Chicago Seattle Miami Denver

Total 1.43 5.16 10.21 17.18 1.00 7.42

Fixed 0.02 2.13 4.16 6.77 0 1.91

Portable 1.41 3.04 6.05 11.37 1.00 6.42

non-TV 5.06 3.93 5.00 2.0 4.00 2.00

Busy TV 36.70 31.25 28.71 22.22 39.00 33.12

Unused 10.88 11.58 10.08 9.60 9.00 8.46

CUF 78% 76% 79% 80% 82% 83%
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Figure 3.8: Average number of available channels vs. population density, calculated over
the contiguous United States.

3.9 illustrates cumulative density function (CDF) for total number of available channels as

well as number of available channels for fixed and portable devices, in urban and rural areas,

defined as:

CDF (x) = Pr[Number of channels ≤ x] (3.15)

The rural CDF is shifted by approximately 10 channels, relative to urban CDF which again

highlights further availability of TVWS in rural places.

3.6.2 Primary to Secondary Interference

Primary transmitters are usually of very high power with a poor transmission mask, as

shown in Fig. 3.4. Therefore, they have considerable out-of-band emissions up to two

adjacent channels, which significantly reduces secondary user’s SINR. As a result, TV white

space is in fact gray space with different levels of pollution in different channels. Fig. 3.10

illustrates noise and interference levels in all free channels (outside protection contour for

primary transmitter) for fixed and portable devices. The figure also shows maximum and
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Figure 3.9: Cumulative density function of number of available channels for different TVBD
classes. Statistics are provided for the contiguous United States.

minimum interference level for both device types. The minimum interference is practically

the same as thermal noise floor -106 dBm. On the other hand, the maximum noise level can

be as large as -30 dBm which is significantly high and can severely affect the performance

of secondary network.

The level of interference to fixed devices is generally larger than portables. This is due to

higher antennas that are used for fixed transmitters (up to 30 meters is allowed according

to FCC regulation [19]) while portable transmitter antenna is supposed to be less than 3

meters high. The extend of this difference depends on specific location of the receiver and

can be as large 15∼20 dB.

While it is expected to receive higher noise level at lower frequencies, the Fig. 3.10

does not reveal any specific pattern for noise level. This is mainly because the number of

TV transmitters in each channel and their corresponding transmission power and antenna

height is different. Here, we have considered TV transmitters in a range of 300-km from

the receiver’s location.
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Figure 3.10: Noise and interference floor for fixed and portable TVBD, (3.9).

3.7 Practical Trade-Offs in Secondary Network Design

3.7.1 Link Capacity vs. TVBD Power

Suggested by (3.14), link capacity is a function of available bandwidth W (QT ,Γ) and SINR

= Psec/Lsec
N0W0+I . For the fixed bandwidth of TV channels, increasing link capacity should be

through secondary power Psec. In contrast to regular communication systems, higher power

in TVWS has a negative effect on link capacity since it expands protection region of TV

transmitters. As a result, channel availability probability p(Γ) in (3.7) and average number

of WS channels decreases which diminishes link capacity. The natural question is of course

what is the optimum secondary power?

Latest FCC regulations [19] has set a maximum transmission power of 4.0 Watt for fixed

and 100/40 mWatt for portable devices. Therefore, as long as Psec is below the limit it does

not affect available TV white space and any transmission power above the limit translates to

zero white space availability. This is a severely quantized version of previous FCC rules [22]

and it is not suitable for evaluation of capacity-power trade-off. Hence, for this section we

use FCC rules in [22] (denoted as FCC200810) as well as latest FCC regulation (FCC 2012).

10In which white space availability decision is based on the ratio of desired to undesired signal for fixed
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Optimum transmission power that maximizes available white space depends on spatial

distribution of TV transmitters. Therefore, it can change significantly from one market

to the other. Fig. 3.11 and 3.12 present two different markets in states of Washington

and Colorado. Each figure shows the number of available channels as well as capacity as

a function of secondary power. For FCC2012, average number of channels is fixed as long

as Psec ≤ 4.0 Watts and average capacity increases linearly because number of channels

is not affected by power increase. However, after crossing the threshold of 4.0 watt, there

is zero capacity available with the current ruling. On the other hand, using FCC2008,

the number of available channels decreases monotonically by increasing secondary power

because the ratio of desired to undesired signal decreases. Available capacity shows the

trade-off between SINR improvement (which is dominant initially) and reduction in number

of available channels that is dominant at higher power levels. Therefore, capacity increases

up to a maximum point and then drops rapidly.

Comparing the two cases for FCC regulations, we notice that there are significant white

space capacity for Psec ≥ 4.0 that is lost in the current FCC rules. Interference-based

calculation of TVWS provides a more accurate measure of channel availability and opens

further flexibility for secondary network design. These results show possible amendments

to current FCC rules in favor of enabling more white space capacity particularly in rural

areas11 (as back-haul) where distances are larger and networks are power-limited.

3.7.2 Link Capacity vs. TVBD Antenna Height

The height of the secondary user’s antenna is also affecting network capacity by changing

path loss for TVBD transmitter. Increasing antenna height has following effects on network

capacity:

� Secondary to secondary path loss decreases, higher capacity.

� Minimum distance increases, hence p(Γ) reduces and results in lower capacity.

TVBDs

11Simulation points in this section are carefully chosen to represent both urban and rural areas.
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Figure 3.11: Average number of available TV white space channels and capacity for Denver
market in state of Colorado. Capacity is calculated for a point to point link of fixed TVBDs,
with 500 m distance. FCC2012/FCC2008 represents current/former FCC regulations. An-
tenna height is fixed to 20.0 meters.
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Figure 3.12: Average number of available TV white space channels and capacity for Seattle
market in state of Washington. Capacity is calculated for a point to point link of fixed
TVBDs, with 500 m distance. FCC2012/FCC2008 represents current/former FCC regula-
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Figure 3.13: Average number of available TV white space channels for Seattle market in
state of Washington. FCC2012/FCC2008 represents current/former FCC regulations.

� Primary to secondary interference increases, lower capacity.

The overall effect of increasing antenna height depends on transmitter power, link distance

and other fundamental parameters in (3.5). But the trade-off is obvious that increasing

height will not continuously enhance capacity and there should be a cutting point. This op-

timization rises from the counter effects of higher received power at the receiver against less

channel availability and more interference. Fig. 3.13 shows dependency of average number

of channels on TVBD antenna height for various transmission powers. Increasing antenna

height monotonically reduces channel accessibility due to extended protection regions for

TV transmitters.

Fig. 3.14 displays secondary network capacity as a function of TVBD antenna height

for Seattle market. For lower power scenarios (EIRP≤4W), increasing height will improve

capacity even up to 100 meters. For higher power levels, there is an optimum height after

which the reduced number of channels becomes dominant and capacity drops. In practice,

secondary to secondary interference will also vary as antenna height changes, which depends

on the frequency reuse distance. This is not considered here to avoid over complications.
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Figure 3.14: Average capacity of TV white space channels for Seattle market in state of
Washington. Capacity is calculated for a point to point link of fixed TVBDs, with 500 m
distance.

3.7.3 Link capacity vs. Terrain Irregularity

The characteristics of propagation environment is modeled through ∆H parameter in ITM

model. It ranges from ∆H = 0 for extremely flat to ∆H = 500 for rugged mountainous-

type area. In practice, ∆H should be calculated in every direction around TV transmitters

(resulting in non-circular contour models) for computation of protection contour. The effect

of this parameter on network capacity is through p(Γ) in (3.7) which directly modifies the

overall capacity (3.14). Precise evaluation of ∆H is very critical since it significantly affects

ITM path loss model (and any other empirical model). Calculating the exact value of

∆H is very challenging mainly because available terrain information is sparse, for example

Globe [48] provides terrain height for every 30 arc-seconds (or approximately every 1 km

in latitude and longitude) which may easily miss localized tall buildings or skyscrapers.

Therefore, it is necessary to understand how the value of ∆H affects p(Γ).

Fig. 3.15 plots p(Γ) versus ∆H for channel 14 and for different values of EIRP. Increasing

∆H translates to further irregularity of the area, larger values of path loss and eventually
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Figure 3.15: Channel 14 availability probability vs. terrain irregularity parameter ∆H.
Results are averaged over the contiguous United States.

smaller protection regions. This will leave wider areas for unlicensed operation by TVBDs

and therefore p(Γ) increases. FCC has overlooked the use of this variable in calculating

protection regions in [18–20,50]. This figure shows how significantly the value of p(Γ) varies

(from 60% to 90%) depending on the value of ∆H.

3.7.4 Cell Size

The throughput of each user in the secondary cellular network depends on the available

capacity in that cell as well as the number of users UR requesting service in the cell. By

assuming a MAC layer with efficiency of ηMAC , capacity per user can be formulated as

CUser =
ηMACCcell

UR
(3.16)

The number of service requests in a cell depends on population density and cell size, UR ∝

ρPopAcell. Thus UR = αρPopπr
2
cell where α is proportionality constant. Therefore, capacity
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Figure 3.16: Cell capacity versus cell radius for static (non-mobile) user, for various values
of K and channel number

per user can be rewritten as

CUser =
ηMAC

αρPop

Ccell
πr2

cell

(3.17)

where the first factor is a constant and does not depend on network planning parameters.

The second factor however is the normalized total capacity per area (bit/sec/m2) and must

be optimized to achieve the best throughput per user. The capacity per area (CPA) depends

on the various parameters that we studied before as well as cell size. In the following, we

will explore the behavior of CPA versus rcell for which we employ (3.14) and evaluate it for

various values of rcell.

Fig. 3.16 shows capacity of a cell on different channels (channel 6 and 19) as a function

of cell radius. The trade-off between the cell size and total capacity on each channel is clear

for different frequency reuse patterns, K = 1, 3, 9 which is due to counter effect of higher

received power and higher inter-cell interference. These results are averaged over different

distances within the cell. The capacity per user, however, shows a different behavior versus

cell size as shows in Fig. 3.17. Here, the capacity per area is presented which is proportional
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Figure 3.17: Average area capacity versus cell radius for static (non-mobile) user, for various
values of K and channel number

to capacity per user as in (3.17). The results predict a uniform increase in capacity per

user as cell radius decreases which is because the number of users in the cell decreases

proportional to 1
r2
cell

. This is an interesting effect because we can improve the capacity of

each user by deploying more and more base stations with reduced coverage range. This

conclusion however is valid only for stationary users that are not moving from cell to cell

and therefore they do not incur additional overhead of being handed off from one cell to

another.

For a mobile user that is moving from one cell to another cell, if the cell size is very

small then the user has to be handed off very often. The hand-over process usually takes

a certain delay overhead τHO, during which user data is not transmitted to base stations.

Let’s assume user is moving in a straight line with speed V m/s. During a duration of t,

the number of times that the user must be handed off is proportional to V t
rcell

. Therefore,

the effective capacity that is experience by the mobile user is

CMobile = (1− βτHOV

rcell
)CUser (3.18)
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Figure 3.18: Average area capacity versus cell radius for mobile user with speed of 50 Km/h,
for various values of K

with β being a proportionality constant. Fig. 3.18 shows the result for a mobile user of

speed V=50 km/h and hand-over delay τHO = 1s. As this figure suggests, the cell size

cannot be less than 25 meters because the effective capacity drops fast.

3.8 Conclusion

In this chapter, we introduced a framework for analysis of secondary networks operating

in the TV white space spectrum. There are two important factors which determine the

overall performance of any secondary device in this band, number of available channels

and capacity of each available channel. Both factors are spatially variable because of the

irregular structure of the primary network (TV transmitters and other certified devices in

TV band).

The number of available channels is defined through FCC regulations (which describes

how primary services must be protected) and TVBD system parameters such as power,

antenna height, device type. We studied white space availability for both fixed and portable

devices over the contiguous United States by considering all FCC rules. Our simulation

results revealed that there is a significant difference in total number of available channels
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between rural (avg. of 25.84) and urban (avg. of 13.35) areas and the average number of

available channels monotonically decreases as population density increases. Even in urban

areas, there are significant variations between different markets; while no white space is

available in Los Angeles, there are 17.18 channels available in Seattle.

The white space availability of a TV channel at any location is expected to be based on

presence of active TV transmitters. However, our results showed that an average of 10 ∼ 11

channels are left unused12 (neither by TV transmitters nor by TVBD) and this average

number does not change significantly with population density. This is because current FCC

rules are over protective, mainly due to poor design of TV receivers which cannot coexist

with adjacent channel transmitters and a number of reserved channels for devices that may

not necessarily use the channel at a given time/location. In addition, channels 3 and 4 are

not opened for white space operation and therefore contribute to total unused channels.

We introduced a detailed model for secondary network capacity that includes the key

parameters in both primary and secondary networks. The model includes two sources of

interference for the secondary network, primary transmitters and other secondary devices.

The information from current FCC database for TV broadcasters together with real terrain

data and Longley Rice model were utilized to estimate co/adjacent channel noise floor

at different channels (a standard transmission mask for TV broadcasters was considered

that extends beyond the 6-MHz channel up to two adjacent channels). The results show

that primary to secondary interference can be as large -30 dBm in certain locations. This is

particularly important for network operators that are interested in using TV band as an off-

loading mechanism for their services; high base stations can receive significant interference

from TV broadcasters.

The proposed secondary network was arranged in a cellular layout inside the allowed

regions for sharing WS channels between TVBDs. The cross interference between secondary

devices were defined in the context of this cellular layout. We used this model to evaluate

various trade-offs that exists between available capacity versus power, antenna height, cell

size and path loss parameters to illustrate possible optimizations in future TVWS network

12This number includes the two channels that are reserved for wireless microphones as well as other non-TV
services.
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designs. We also explored the available capacity per user for both stationary and mobile

user. The results showed a trade-off between average area capacity and cell radius for the

case of mobile user.
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APPENDIX

3.A Protection Radius Calculation

3.A.1 Protected Contour rPC

For a given TV transmitter, protection contour rPC is found by finding the maximum

distance where signal strength (in dBu) or equivalently signal power (in dBm) drops to

minimum threshold ∆, defined in Table 3.6. The received power Pr is defined in terms of

transmitted power Pt as:

Pr = Pt +Gt − LTV (rPC) +Gr = ∆ (3.19)

where Gt (Gr) is transmitter (receiver) antenna gain and LTV (.) is the path loss model for

TV signals as a function of distance to transmitter. The range of protection contour highly

depends on this path loss model:

rPC = L−1
TV (Pt +Gt +Gr −∆) (3.20)

Note that protection contour is only a feature of TV transmitter and does not depend on

secondary user parameters.

3.A.2 Protection Region rp

Protection region is defined for every application of secondary users. For example for fixed

TVBD, power limit is higher and it forces secondary users to be further away from TV

transmitter than portable devices with much lower power limits. Let’s assume γ is the

desired interference ratio γ = Desired Signal Power
Undesired Signal Power, Psec is the power of secondary user,

and Gsec is the antenna gain of secondary transmitter. The minimum separation distance

dMS as shown in Fig. 3.2 should be such that resulting γ is at least equal to threshold γ0
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Table 3.5: Desired to undesired signal ratio defined by FCC for maximum tolerable inter-
ference in various TV applications

Type of Station
Protection ratios

Channel Separation D/U ratio (dB)

Analog TV, Class A,
LPTV, translator
and booster

Co-channel 34

Upper adjacent -17

Lower adjacent -14

Digital TV and
Class A

Co-channel 23

Upper adjacent -26

Lower adjacent -28

given by Table 3.5 for various TV channels and services.

Psec +Gsec − Lsec(dMS) +Gr ≤ ∆− γ0 (3.21)

where Lsec(.) is the path loss model for secondary transmitter. Using this, rp is found to

be:

rp = rPC + L−1
sec(Psec +Gsec +Gr −∆ + γ0) (3.22)

This equation shows how Psec plays an important role in calculation of channel availability.

3.B ITM Path-Loss Model

The ITM path loss model in area mode is defined in terms of a reference attenuation Aref .

This is the median attenuation relative to a free space signal that should be observed on

the set of all similar paths during times when the atmospheric conditions correspond to

a standard, well-mixed, atmosphere. The reference attenuation is determined by three
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Table 3.6: TV Station Protected Contours; Note that threshold values are in dBu and
represents field strength rather than power

Type of Station
Protection contour

Channel Contour (dBu) Propagation curve

Analog: Class A,
LPTV, translator and
booster

Low VHF (2-6) 47 F(50,50)

High VHF (7-13) 56 F(50,50)

UHF (14-51) 64 F(50,50)

Digital: Full service
TV, Class A TV,
LPTV, translator and
booster

Low VHF (2-6) 28 F(50,90)

High VHF (7-13) 36 F(50,90)

UHF (14-51) 41 F(50,90)

Table 3.7: Modified Field Strengths Defining the Area Subject to Calculation for Analog
Stations

Channels Defining Field Strengths, dBu, to be predicted using F(50, 50)

2 - 6 47

7 - 13 56

14 - 69 64− 20 log10

(
615

channel mid frequency in MHz

)
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piecewise equations as a function of distance:

Aref =


max[0, Ael +K1d+K2 ln(d/dLs)], d ≤ dLs

Aed +mdd, dLs ≤ d ≤ dx

Aes +msd, dx ≤ d

(3.23)

where the coefficients Ael, K1, K2, Aed, md, Aes, ms, and the distances dLs and dx are

calculated using ITM algorithms. The three intervals defined here are called line-of-sight,

diffraction, and scatter regions. Dependency of path loss on frequency is not apparent in

(3.23) but all the parameters are function of frequency13. The total path loss is the sum of

Aref and free space path loss which also depends on frequency:

L(d) = Aref + 20 log10

(
4πdf

C

)
(3.24)

where C is the speed of light in vacuum. The irregularity parameter for an average terrain

is ∆H = 90; Using this, the reference attenuation for lowest/highest available frequency in

TV band (channel 2 = 57 MHz, channel 51 = 695 MHz) are found as:

Channel 2:

Aref =


max[0,−7.1 + d× 4.03e− 4], d ≤ 94.1 km

5.87 + d× 2.65e− 4, 94.1km ≤ d ≤ 159 km

38.58 + d× 5.95e− 5, 159 km ≤ d

Channel 51:

Aref =


max[0,−17.94 + d× 5.08e− 4], d ≤ 94 km

−17.2 + d× 5.0e− 4, 94km ≤ d ≤ 136 km

42 + d× 6.56e− 5, 136 km ≤ d

According to analysis in sec. 3.2 to sec. 3.5, determination of free channels as well as

capacity calculations in TVWS highly depends on path loss model behavior. The more

13This dependency is not straightforward. They also depend on terrain irregularity parameter, Tx/Rx
height, radio climate, polarization, etc.
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precise the model the less spectrum resources are wasted and better protection is provided

to TV receivers. In order to achieve some intuition about how coefficients in ITM model,

(3.23)-(3.24), depend on fundamental parameters such as frequency, antenna height and

irregularity parameter, a simplified version of ITM model that is more specific to TVWS

system parameters is presented here. The original detailed ITM model can be found in [41].

Aref =


max[0, Ael +K1d+K2 ln(d/dLs)], d ≤ dLs

Aed +mdd, dLs ≤ d ≤ dx

Aes +msd, dx ≤ d

(3.25)

where line-of-sight distance dLs is defined as:

dLs = dLs1 + dLs2 =

√
2hg,TX
γe

+

√
2hg,RX
γe

where hg,TX/hg,RX are transmitter/receiver structural height and γe is the Earth’s curvature

constant. The diffraction range parameters are defined as:

md =
Adiff(dL + 4.3161Xae)−Adiff(dL + 1.3787Xae)

2.7574Xae

Aed = Adiff(dL + 1.3787Xae)−md ∗ (dL + 1.3787Xae)

with

dL =

√
2hg,TX
γe

e−0.07
√

∆h/hg,TX +

√
2hg,RX
γe

e−0.07
√

∆h/hg,RX

Xae =

(
2π

λ
γ2
e

)−1/3

illustrates dependency on antenna heights and terrain irregularity ∆H. The diffraction

function Adiff(s) is a complex function in terms of Fresnel integral [41]. The line-of-sight
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coefficients in (3.25) are simplified to K2 = 0,

K1 =


Aed+mddLs−Alos(d0)

dLs−d0 , Aed > 0

Aed+mddLs−Alos(d1)
dLs−d1 , Aed < 0

(3.26)

where

d0 = min(
dL
2
, 1.908khg,RXhg,TX)

d1 = max(Aed/md, dL/4)

Alos is also defined in [41] in terms of the ‘extended diffraction attenuation’, Ad and the

‘two-ray attenuation’, At:

Alos = (1− ω)Ad + ωAt (3.27)
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Chapter 4

RESOURCE ALLOCATION TECHNIQUES FOR CELLULAR
NETWORKS IN TV WHITE SPACE SPECTRUM

TV white space (TVWS) represents unused TV channels - resulting from the transition

to digital over-the-air broadcasting - made available by FCC for unlicensed secondary users.

This presents opportunities for new wireless networks and services, for example as a com-

plement to licensed 4G cellular networks as a mechanism for data offloading, in analogy

with the use of 802.11 WLAN hotspot networks for current 3G networks. However, certain

design challenges must be addressed - TVWS spectrum is characterized by significant (spa-

tial) variability in number and quality (measured by Signal to interference and noise ratio)

of available channels. Therefore, channel allocation - that seeks to optimize some overall

network performance metric - must be adapted to this variation while complying with FCC

regulations. In this chapter, we explore the problem of resource allocation in TVWS spec-

trum by developing models for channel availability based on co-channel interferences among

secondary users as well as primary-to-secondary interference. We define two formulations:

a) based on maximizing number of allocated channels, and b) based on total network through-

put. Techniques for solving these two formulations are explored and the results are compared

through numerical evaluations.

4.1 Introduction

Cognitive radio (CR) systems allow dynamic access of secondary users (SU) to the licensed

spectrum that is temporarily not used or underutilized by licensed (primary) users (PU).

With the increasing usage of internet services by mobile users and the lack of sufficient

spectrum, CR systems are becoming a popular solution for spectrum scarcity. For example

the Federal Communication Commission (FCC) has opened unlicensed usage of TV band

spectrum subject to specific regulations that prohibits harmful interference to TV broadcast

services and other licensed users [18,19,22]. This possibility in TV band is mainly because
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of the switch-over from analog to digital TV transmission that was obligated by FCC for

full power TV broadcasters in the United States. These opportunities have pushed the

wireless industry to standardize CR operation in IEEE 802.22 [51], 802.11af [52], etc. It is

also expected that additional spectrum will be released for unlicensed use in the near future

as result of the US National Broadband Plan [23].

A typical scenario for unlicensed operation requires SU to first detect the presence of

unoccupied channels via spectrum sensing or by contacting a database administrator (DBA)

to receive a list of available channels1. Every DBA models the protection region (or the

so-called service contour) for each primary user based on FCC’s protection rules and deter-

mines the list of available channels at each location/time. This framework for determining

channel availability has two major effects. First, the computational burden of channel de-

tection and incumbent protection is removed from secondary devices. Second, the DBA

serves as an aggregation point for information about location and other technical speci-

fication of secondary devices, which can be utilized for possible centralized management

solution (channel/power assignment) to secondary devices. This feature of TVWS networks

(and possibly future WS spectrum) is unlike regular CR-based networks where devices are

usually connected in adhoc mode without a centralized network controller/planner. This

limitation eliminates the possibility of managing inter-network interferences that arise when

independent networks utilize the shared spectrum, similar to the current situation of Wi-Fi

networks that limits performance in dense urban areas [53]. Issues surrounding secondary

network planning in TVWS is not well studied in the literature. Current FCC regulation

for TVWS band are fully focused on protecting primary services [19] and does not con-

sider interference management among TV based devices. This will eventually result in high

interference floor for secondary devices and network throughput will degrade.

In this work, we focus on cellular secondary network design that operate on TVWS

spectrum; however, the model and techniques apply to any WS scenario. Our model first

and foremost accounts for FCC’s protection contours of the primary sources. Second, the

quality of each available WS channel is also location dependent, due to varying interference

1FCC has adopted a centralized approach to secondary TVWS use by authorizing a group of DBAs to
provide spectrum availability information.
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levels from primary transmitters. Third, transmit power allowed on secondary TV band

devices is also location dependent because of FCC’s adjacent channel rules. Therefore,

traditional techniques for resource allocation in cellular networks cannot be utilized and

new approaches are needed.

The rest of the chapter is organized as follows. Section 4.2 introduces secondary network

architecture while coexisting with primary users. Section 4.3 reviews previous related work

in this area. Channel allocation problem in secondary cellular networks is defined in section

4.4 and various solutions are discussed in section 4.5. Numerical results are provided in 4.6

and finally section 4.7 concludes the chapter.

4.2 Secondary Network Architecture

Cellular communication systems are based on the notion of frequency reuse which allows

a channel to be spatially re-used by different users, as long as the co-channel interference

is within acceptable bounds. However, for TVWS applications, the cellular layout of the

secondary cells is further restricted by the primary protection regions, as shown in Fig.

4.1. This figure presents TV towers as an irregular primary network, where each primary

cell corresponds to the coverage area (or service contour [19]) of the associated tower. ri

denotes the maximum distance at which the received TV signal is above the detection

threshold and the channel is considered busy [18] with an additional distance for protecting

primary receivers on the edge of the service contour. Therefore, primary cell sizes depend on

transmitter power/height, receiver sensitivity, terrain height profile and other physical layer

parameters (details of calculation of primary user’s protection area for TVWS is provided

in [54]). It is clearly highlighted in this figure that service contour for TV broadcasters is

often irregular and ri(θ) significantly depends on θ. The three protection regions in this

example are obtained from [4]. This irregularity is mainly because of variations in terrain

height along different directions (both average and variance) and the use of directional

antenna by the transmitter.

Secondary networks can only be located outside of these protected contours subject to

further FCC limitations imposed by need for protection of primary receivers. Secondary

cells are usually much smaller in size compared to primary cells because of the lower trans-
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mission power and antenna height, Fig.4.1. The location dependency of secondary cells can

be observed in this figure. Suppose primary transmitters in different colors are utilizing

different channels. The area outside all protection regions can access the same set of avail-

able channels. However, secondary cells inside primary’s protection region (shown as dotted

circles) are possible as long as channel separation and power limitation is met by the sec-

ondary user. Therefore, these cells will receive a reduced set of available channels and those

cells that are inside the overlapping section of protected regions receive an even shorter list.

In practice, the number of protected entities are so large and diverse that essentially no

secondary cell is completely outside all protection regions and list of channels are highly

varying. As a practical example, in a highly populated urban area such as downtown Los

Angeles there are zero channels available while 40 miles away from down town 14 channels

are available for secondary operation as shown in Fig. 4.2.

Furthermore, the quality of available channels changes from cell to cell. This is because

primary transmitters are very high power2 and although secondary cells are outside pro-

tection regions they are still prone to receiving high interference from primaries especially

for cells that are close to service contours. In Fig.4.1, cell A and B have the same set of

available channels but significantly stronger interference affects A compared to B.

4.3 Related Works

Traditional channel allocation techniques for cellular networks [55] seek to optimize channel

reuse factor while maintaining signal-to-interference plus noise (SINR) constraints for any

link, by designing appropriate dynamic channel assignment algorithms [56–58]. Such chan-

nel assignment algorithms are modeled as a graph color/multi-coloring problem in which

each node (base station) is colored according to the number of requests (user calls) in the

associated cell. To achieve this, each node is weighted by the number of calls in the cell

that includes currently ongoing calls and new requests [56]. Therefore, the objective tar-

get is to achieve the point where all cell calls are responded (assuming it is feasible). The

major question of interest in this case is whether the graph is color-able or not instead of

2For full power digital TV transmitters, the transmitted power can be as big as 1000 kWatt.
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Figure 4.1: Coexistence between primary and secondary cells in cellular networks based on
TV white space. Primary cells are protection contours for TV broadcasters, defined based
on transmission power, receiver sensitivity and other link-budget parameters [4].

Figure 4.2: Variability of available channels in a highly populated area (Los Angeles). Color
map data are obtained from [5].

optimizing the total network throughput [55,58,59]. Network planning in a data network is

beyond just responding to current requests. It should improve quality of service to the end

user by maximizing overall throughput. Therefore the objective function to be optimized



65

is network capacity (in its various forms and definitions) rather than the number of calls

being covered.

What makes TVWS-based networks particularly interesting is the fact that the set of

available channels changes from cell to cell and from device to device3. This is unlike

regular cellular networks where there is no inherent differences among cells and potentially

the same set of channels is available to every cell. In every primary-secondary paradigm,

these variations in time/location/device-type complicate the channel assignment process

and is not considered in the literature [59–66].

In [67], a distributed algorithm is considered for cognitive cellular networks using a

game theory framework. However, major factors are overlooked in their problem formula-

tions. Primary to secondary interference is not considered in calculating channel quality

and the optimization metric is not the aggregate throughput. Only one channel is assigned

to each AP which reduces the solution to a graph coloring instead of multi-coloring prob-

lem. Maximum power for each AP is decided solely based on primary limitations and not

secondary-to-secondary interference and the method does not comply with FCC’s vision of

power selection [18,19]. The protection contour for each primary user is modeled as a single

point in their LP formulation which is technically wrong because the whole area should be

protected.

In [68–70] greedy and IP-based algorithms are considered for formulating spectrum al-

location problem. However, the aforementioned constraints for TVWS paradigm are not

considered and the objective function is limited to some utility functions (such as total

revenue for spectrum broker) rather than overall network throughput.

Our contribution in this chapter is to formulate resource allocation problem in cellular

networks from a data transfer perspective (rather than voice) and in a more generalized

paradigm. We consider channel variation as well as different sources of interference (both

secondary to secondary and primary to secondary) in the problem formulation in order to

optimize overall network throughput.

3FCC defines different TVBD types (fixed versus portable) and regulations are different for each type.
Hence, the set of available channels depends on the device type as well as other parameters.
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4.4 Channel Allocation in Secondary Cellular Networks

An interesting question for a network planner in TV white space spectrum is ‘how to as-

sign available channels to different users?’ In regular cellular networks, repetitive patterns

are used in which every channel is periodically (in space) assigned to nodes with specific

distances. For example in a fully developed hexagonal structure, Fig. 4.3, channel as-

signment is defined by two shift parameters i, j. The resulting frequency reuse parameter

K = i2 +ij+j2 determines the frequency-reuse rate of each channel across the network [46].

In contrast, the same method can be used in TVWS only for those channels that are avail-

able in every cell (which are very few). The availability of channels is significantly a function

of location. Furthermore, channels are shared with primary users, here TV broadcasters,

which is a different network with a variant requirement that makes network planning non-

homogenous. The quality of each channel (in this context defined as signal to noise and

interference ratio) depends on primary-to-secondary interference and is significantly channel

and location dependent [54]. Therefore, any optimal channel allocation mechanism must

consider these irregularities in the optimization process.

Let’s define C as the set of all permissible white space channels [19]. Our focus is

toward TV white space channels and therefore C = {2, 3, ..., 36, 38, ..., 51} with each channel

representing 6 MHz bandwidth in V/UHF band (based on USA standard [45]). For every

cell Ai, Υ(Ai) ⊆ C is the set of all available channels that must be determined according to

incumbents protections and FCC regulations. A minimum of one channel must be allocated

to each cell (with the assumption that Υ(Ai) 6= ∅, there is at least one available channel

in that cell). For each available channel c ∈ Υ(Ai), we specify a quality factor γi,P (c) as

the level of interference from primary transmitter. This parameter includes co-channel and

adjacent channel pollution from all licensed users in channel c.

Since more than one channel can be assigned to each cell, the overall network throughput

depends on how many channels are utilized in each cell without severe mutual interference.

Therefore an optimizing algorithm toward maximizing the network throughput (either av-

erage or worst-case user throughput) can be set differently according to the level of details

involved. Here, we consider two problem formulations, one for maximizing the total num-
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Figure 4.3: Spatial frequency reuse in a fully developed hexagonal cellular network. Cells
with similar letter share the same channel. No channel sharing exists among the first tier
neighbors. Shift parameters i, j defines how channel repeats in space.

ber of channels assigned to the entire network and another for maximizing total Shannon

capacity of the network.

Problem definition 1: For a set of N cells {A0, A1, ..., AN−1}, with channel set availability

of {Υ(A0), ...,Υ(AN−1)}, a channel selection function f : Υ(Ai) → Ci ⊂ Υ(Ai) is desired

that assigns to each cell a subset of available channels Ci ⊂ Υ(Ai) so as to maximize fopt:

fopt = arg max
f

N−1∑
i=0

|Ci| (4.1)

subject to:

Ci ⊂ Υ(Ai), ∀i ∈ [0, ..., N − 1]

Ci 6= ∅
N−1∑
j=0

γi,j(c) + γi,P (c) + σ2
n ≤ γt, ∀c ∈ Ci (4.2)
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where γi.j(c) is the mutual interference between cell i and j on channel c, σ2
n is noise power

and γt is the maximum acceptable noise and interference threshold (In terms of transmission

power P and desired SNR, γt = P
SNR). The last inequality condition guarantees that channel

noise floor is below a certain level and therefore an acceptable performance is achievable on

the shared channels. If ci is not shared by cell i and j then γi.j(ci) = 0. This formulation

maximizes the number of channels used by the cells but does not necessarily optimize

throughput. This is because mutual interference is kept below a certain level rather than

being optimized (minimized). The following more sophisticated formulation for this problem

considers this issue.

Problem definition 2: For a set of N cells, {A0, A1, ..., AN−1}, with channel set avail-

ability of {Υ(A0), ...,Υ(AN−1)}, a channel selection function f : Υ(Ai) → Ci ⊂ Υ(Ai) is

desired that assigns to each cell a subset of available channels Ci ⊂ Υ(Ai) as following:

fopt = arg max
f

N−1∑
i=0

∑
c∈Ci

log2 (1 + SINR(c)) (4.3)

SINR(c) =
P∑N−1

j=0 γi,j(c) + γi,P (c) + σ2
n

subject to:

Ci ⊂ Υ(Ai), ∀i ∈ [0, ..., N − 1]

Ci 6= ∅ (4.4)

Here, Shannon equation is used for the throughput of each channel utilized in each cell.

Therefore, the answer to this optimization problem is optimal in the sense of overall sec-

ondary network’s throughput.

4.5 Solutions to Channel Allocation Problem

Finding a solution to channel assignment is generally very challenging and it highly depends

on the level of details involved. Here, problem definition 1 is focused toward maximizing

the number of assigned channels that is a discrete function with continuous constraints. On
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the other hand, problem definition 2 is optimizing a continuous function with continuous

constraints. While both problems are discrete optimization, the latter is significantly more

complicated that the former. In following sections, we explore possible solutions for both

problems.

4.5.1 Suboptimal Greedy Solution for Problem 1

One sub-optimal solution for problem 1 is possible by considering this fact that in cellular

systems, the strongest interferer is the first tier in a hexagonal structure as shown in Fig. 4.3.

Because of this, any frequency reuse pattern avoids using the same channel in neighboring

cells. Therefore, as a mechanism to ensure interference rejection, we force the solution to

avoid reusing in neighboring cells (can be generalized to prevention against second and third

tiers) while the total number of channels in all cells is maximized.

In order to generalize this idea for our problem, we modify the hard decision mechanism

based on adjacency to a soft decision process that eliminates channels from neighbors based

on comparing overall calculated interference with γt. Let’s model the network as a graph

G = (V,E) where V , the set of vertices, represents the cell centers (base stations) and E,

the set of edges, describes cell adjacency. Therefore, if e = (v1, v2) ∈ E then v1 and v2 are

two neighboring cells. This can be generalized to second/third-tier cells if cells are small

and interference beyond the first neighbors are considerable. For every edge vi ∈ V , the set

of available channels is Υ(vi) ⊂ C as shown in Fig. 4.4. The set of assigned channels to

each vertex vi is C(vi).

Here we explore a greedy algorithm that seeks to assign non-shared channels first and

then divide the remaining set of channels evenly between interfering cells. The algorithm,

shown in Algorithm 1, starts with a vertex that has minimum number of assigned channels

and minimum number of available channels. Every possible channel is explored on this node

to find the one that results in minimum number of interfered nodes. A node v is considered

interfered as the result of a channel assignment if one of the following happens:

� Total interference level in v crosses the threshold γt

� Assigning this channel to node v results in another currently assigned node to cross
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Algorithm 1: Greedy algorithm for problem 1

Data: G(V,E), {Υ(V )} . interference graph, channel availability vectors
Result: {C(v) : ∀vi ∈ V }

1 Function GreedyAssign()

2 while
⋃
vi∈V Υ(vi) 6= ∅ do . some channels left unassigned

3 vcur ← select v ∈ V with min |C(v)| and min |Υ(v)|6= 0 . current cell
4 cmin ← select c ∈ Υ(vcur) with min InterferingNodes(vcur, c)
5 C(vcur)← C(vcur) ∪ cmin . assign selected channel to current cell
6 Υ(vcur)← Υ(vcur)\{cmin} . remove selected channel from set of available

channels
7 UpdateChannels(cmin, vcur)

8 end while
9 return

10 Function InterferingNodes(vcur, c)
11 Vn ← set of neighbors of vcur
12 Vshrd(c)← {v ∈ Vn : c ∈ Υ(v)}
13 Vown(c)← {v ∈ Vn : c ∈ C(v)} ∪ {vcur}
14 count ← number of v ∈ Vshrd(c) for which TotalInterference(c, v) > γt
15 return count

16 Function UpdateChannels(c, vcur)
17 Vn ← set of neighbors of vcur; Vshrd(c)← {v ∈ Vn : c ∈ Υ(v)};

Vown(c)← {v ∈ Vn : c ∈ C(v)}
18 forall the v ∈ Vshrd(c) do . Check every nodes that has c available
19 Vown(c)← Vown(c) ∪ {v} . Temporarily assign channel c to node v
20 if TotalInterference(c, Vown(c)) > γt then . If any channel crosses

threshold
21 Υ(v)← Υ(v)\{c}
22 end if
23 Vown(c)← Vown(c)\{v} . Remove temporarily channel assignment

24 end forall
25 return
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v1 : [2,4,7,11]

v2 : [3,4,7,13]

v3 : [2,3,4,15]

v6 : [1,2,11,50]

v4 : [2,6,9,7,11,23]

v5 : [1,2,15,32,50]

Figure 4.4: Graph based model for cellular networks in TVWS spectrum. Cells are repre-
sented by vertices, along with their corresponding set of channels and interfering cells are
connected by edges.

the threshold

The channel cmin that causes minimum number of interfered nodes is assigned to current

vertex and is removed from the set of available channels. The list of available channels for

all neighboring nodes is updated after this assignment according to two condition above.

This process is repeated until there is no available channel in all the vertices.

Greedy algorithm guarantees every assigned channel c ∈ Ci has a total interference level

less than threshold γt. However, it does not guarantee the condition of Ci 6= ∅ is met. The

algorithm reaches most vulnerable nodes first to minimize the probability of having Ci = ∅

but the final results depend on the distribution of the available channels among nodes and

the value of γt. There are very rare cases for large values of γt that there is a solution which

meets the constraints but this algorithm barely misses that. However, all these cases are
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for large and non-optimal values of γt as we will see in the numerical section results. For a

wide range of γt that includes the optimal point, this algorithm also satisfies this criteria.

4.5.2 Integer Programming formulation for problem 1

In this section we formulate the channel assignment problem as an integer linear program

(ILP). The reason for this translation is the availability of standard tools and libraries for

solving ILP. Classic channel assignment problems are usually modeled as a graph multi-

coloring (GMC) problem [71]. However, there are major differences between our resource

allocation problem and GMC. In a typical GMC setup, the objective function is to minimize

the number of required channels (colors) to cover a specific interference graph such that each

node receives the minimum required channels. Therefore, there is a homogeneity in GMC

that does not exist in our problem. Here, the set of channels that are available at each node

is forced by the scenario and changes from node to node. There is a quality factor assigned

to each channel that originates from primary to secondary interference and the objective

function is to maximize the total number of assigned channels in the network.

For each node vi ∈ V (i = 0, ..., N − 1) let A|C|×1
i be a binary vector of length |C| (total

number of channels) that defines availability/unavailability of each channel at node vi. Also,

let L|C|×1
i be the binary vector that shows what channels are currently assigned to node vi.

We define A and L as the concatenation of all Ai and Li vectors, respectively:

A =



A0

A1

...

AN−1


,L =



L0

L1

...

LN−1


(4.5)

The optimization problem is to find the optimum L that has maximum weight and yet

satisfies the constraints. All the constraints in problem 1 are now defined in terms of L

and A. The availability constraint is specified as LT .Ac = 0 where (.)T is matrix transpose

operation and Ac is binary complement of A. The minimum number of assigned channels
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to each node (that must be non-zero Ci 6= ∅) is defined in terms of L as:

|C|−1∑
j=0

L(|C|i+ j) > 0, i = 0, 1, ..., N − 1 (4.6)

In order to formulate mutual interference condition, let’s translate the general from defined

by (4.2) in our ILP problem. This constraint should be specified for every vi ∈ V and for

every permissible channel ck ∈ Υ(vi). We assume the cross interference is known for every

pair of (vi, vj) as γi,j(ck). For simplicity of notation, we assume γi,i(c) = 0. Thus, for every

vi ∈ V and for every channel ck ∈ Υ(vi) we need an interference constraint as below:

(4.7)
N−1∑
j =0

L(j|C|+k)γi,j(ck) + γi,P (ck) + σ2
n ≤ [1− L(i|C|+k)]Λ + γt

where Λ � γt is a large constant number that is used here to make sure interference

constraint is applied only when L(i|C|+k) = 1 (when channel ck is actually assigned to vi).

The ILP that finds the optimum solution to problem definition 1 is:

max
L

1T .L (4.8)

Subject to:

LT .Ac = 0

|C|−1∑
j=0

L(|C|i+ j) > 0, i = 0, 1, ..., N − 1

N−1∑
j=0

L(j|C|+k)γi,j(ck) + γi,P (ck) + σ2
n ≤

γt + [1− L(i|C|+k)]Λ (4.9)

The answer to this ILP, if exists, is the optimal solution for problem definition 1 in (4.2).

Compared to greedy algorithm, this formulation finds the best answer that maximizes the

desired metric (number of assigned channels) and satisfies all required constraints. Clearly,

trade off here is significantly higher complexity than the greedy method. However, the set
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of parameters here are sufficiently general that other restrictions can easily be applied to

(4.9).

4.5.3 Suboptimal greedy solution for problem 2

A heuristic approach for finding a solution to problem 2 must consider maximizing the

total throughput in (4.3) at every iteration. A greedy algorithm is shown in Algorithm 2.

This procedure again starts with a node v that has minimum number of assigned channels

|C(v)| and minimum number of available channels |Υ(v)|. This is essential for our fairness

constraint of Ci 6= ∅.

The procedure for finding best available channel cmax for current node v is through esti-

mating total achievable throughput (heuristically) for every available channel and choosing

the one with maximum value. Estimation of total throughput is non-trivial. Our heuristic

method (function BestChannel in Algorithm 2) starts by adding channel ci (from set of

available channels) to v and evaluate total throughput (considering mutual interferences).

Afterwards, as long as the value of total throughput is increasing, it keeps assigning chan-

nel ci to other nodes. This operation stops when total throughput is no longer increasing.

This procedure is repeated for every channel and the maximum value of total throughput

determines cmax.

The neighbor removal process (function RemoveNeighbors in the Algorithm) is based on

hypothetically assigning the channel to all eligible nodes and evaluating total throughput.

If total throughput decreases as the result of such a channel assignment, the channel must

be removed from set of available channels.

4.5.4 Nonlinear IP formulation for problem 2

Since the objective function in (4.3) is non-linear, regular integer programming formulation

cannot be used here. Finding a solution to non-linear IP problems are generally NP-hard

and therefore computationally they are not efficient. However, the result obtained from this

formulation is optimal. This definition is mostly used as a benchmark against heuristic-

based methods such as greedy algorithm in the previous section, to evaluate how close
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those results are to the optimal answer. The non-linear IP in this case is defined as below:

max
L

fobj(L) (4.10)

Subject to:

LT .Ac = 0

|C|−1∑
j=0

L(|C|i+ j) > 0, i = 0, 1, ..., N − 1

where the objective function fobj(L) is defined based on total throughput in (4.3). Therefore,

in terms of channel assignment vector L, it is defined as:

fobj(L) = B1×N |C|.L

B(i|C|+k) = log2

(
P∑N−1

j=0 L(j|C|+k)γi,j(ck) + γi,P (ck) + σ2
n

+ 1

)
i, k = 0, ..., N − 1

4.6 Numerical Results

In this section, numerical results are provided for a typical network graph to compare

introduced algorithms. Simulation parameters are provided in Table 4.1. There are 25

nodes in a grid topology, Fig. 4.5. All secondary users transmit with unit power. Mutual

interference between nodes is determined in terms of cross distance and typical path-loss

functions γi,j ∝ P
d2i,j

. There are a total of 10 available channels that are randomly available

at each node (uniform distribution in range of 3 to 5 for each node). The quality of each

channel, defined in terms of primary to secondary interference level is also randomized for

each channel uniformly.

Each simulation scenario in the following two sections is repeated multiple times with

different seeds for random generator and the results are averaged. The seed values however

are fixed across different algorithm to provide a reasonable comparison. We keep a fixed

seed for generating the number of available channels at each node but a variable seed is used

for generating the actual channel numbers and channel quality factor. Therefore, the total
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Figure 4.5: Network topology with multiple nodes in DSA scenario. Each node has a certain
set of available channels Υ(vi) ∈ {1, 2, ..., 10}.

number of available channels are fixed in all cases but the interference pattern is different.

The two factors of interest are the total number of channels that are assigned to nodes

and the total throughput of the network (bps/Hz). We normalize both metrics by the total

number of available channels for easier comparison and to remove dependency of the results

on this factor.

4.6.1 Comparing greedy algorithm with ILP in problem 1

An important factor in problem 1 is parameter γt. This defines how conservative the

algorithm is in terms of accepting external interference in an assigned channel. Increasing

γt will decrease the frequency reuse factor for the network and forces reused channels to be

further away. Figure 4.6 shows the total number of assigned channels versus SNR = P
γt

for

both greedy algorithm and ILP in problem 1. Decreasing SNR (increasing γt) will increase

the total number of channels in both algorithms because higher level of interference is
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accepted. The two algorithms present the same behavior and their performance is relatively

close.

Figure 4.7 shows the normalized total throughput of the network in terms of bps / Hz

/ (Available Channel) for both methods. The total throughput is calculated by considering

total interference at each node as sum of mutual interference, primary to secondary interfer-

ence and noise power for every assigned channel and utilizing Shannon capacity equation.

The trade-off between throughput and γt can be seen in this figure. For smaller values of

γt, throughput decreases because the fewer number of channels becomes dominant. For

larger values of γt it also decreases because excessive interference becomes dominant. While

both methods present a similar behavior overall, the trade-off is more visible in ILP. This is

because in ILP problem, the algorithm forces one channel per node and the target function

is to maximize the total channels. This can result in multiple channels at one node while an-

other node has only one channels assigned. On the other hand, greedy algorithm provides

a more homogenous distribution of channels among nodes because always the node with

minimum |C(v)| is selected. Therefore, this algorithm shows less sensitivity to threshold

value.

4.6.2 Comparing problem 2 with problem 1

With the lack of standard tools for solving nonlinear IP problems, our work in providing the

most optimal answer through second problem definition is an ongoing effort for future works.

However, in this section we can compare the results of greedy algorithm for problem 2 versus

one. Problem definition 2 is based on maximizing total throughput without utilizing hard

decision threshold for channel assignment. Therefore, the choice of γt does not affect the

result. Hence, we compare this result with best results obtained from problem 1 through

a search in γt. Table 4.2 compares the results for both definitions. In addition to greedy

method in Algorithm 2 , we simulated a different greedy method that runs an integer

quadratic programming (IQP) for minimizing total interference in every iteration inside

method BestChannels. The results show slightly better performance than the previous

heuristic based method. By comparing the results in this table, it is inferred that ILP
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Figure 4.6: Number of assigned channels normalized to total number of available channels
versus SNR = P

γt
in (4.2) for first problem formulation.

presents the best results and Greedy for problem 1 which has the worst performance is only

12% below ILP. Greedy for problem 2 is very close to ILP, only 2.8% below.

Considering both performance and computational requirements, greedy algorithm for

problem 2 has the best performance. This is because of multiple reasons. First, problem

formulation 2 does not depend on threshold and automatically finds the optimal point.

Thus, no exhaustive search is needed. Second, greedy algorithm is significantly faster in

every iteration. Third, the complexity of greedy algorithm is polynomial in number of nodes

while ILP is exponential. Therefore, greedy method is better scalable. Finally, the overall

result of greedy is sufficiently close to ILP.

4.7 Conclusion

In this chapter, we explored the problem of resource allocation in TVWS based networks

with a focus on cellular networks. Major issues in TVWS were addressed including vari-

ability of available channels w.r.t. location as well as quality of each channel. Two problem
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Figure 4.7: Total throughput across the network normalized by total number of available
channel versus SNR = P

γt
in (4.2) for first problem formulation. Mutual interference between

nodes, primary to secondary interference and noise variance is considered in calculation of
throughput.

definitions were presented for allocating channels to cells with different objective functions

and constraints. First problem formulation, based on maximization of total number of

channels, proved to be an integer linear programming problem for which standard tools

are available. Second problem formulation was based on maximization of total Shannon

throughput explicitly which resulted in a non-linear IP problem. Greedy algorithms were

provided for both definitions.

Numerical results showed a trade off between total throughput and γt for problem 1 and

that careful choice of γt is needed to obtain optimum results. In practice, exhaustive/binary

search techniques are required to find optimum γt. By choosing the best value of γt, ILP

showed the best results which was slightly better than greedy solution for problem 2 with

the cost of enormously higher computation.
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Algorithm 2: Greedy algorithm for problem 2

Data: G(V,E), {Υ(V )} . interference graph, channel availability vectors
Result: {C(v) : ∀vi ∈ V }

1 Function GreedyAssign()

2 while
⋃
vi∈V Υ(vi) 6= ∅ do . some channels left unassigned

3 vcur ← select v ∈ V with min |C(v)| and min |Υ(v)|6= 0 . current cell
4 cmax ← BestChannel(vcur) . find best channel for current cell
5 C(vcur)← C(vcur) ∪ cmax . assign best channel to current cell
6 Υ(vcur)← Υ(vcur)\{cmax} . remove selected channel from set of available

channels
7 RemoveNeighbors(cmax)

8 end while

9 Function BestChannel(v)
Input: v: Node v ∈ V
Output: cmax: Best channel c ∈ Υ(v) with maximum total throughput

10 fmax ← −∞
11 forall the ci ∈ Υ(v) do . Test every available channel
12 D1 ← {v|ci ∈ C(v)} ∪ {v} . All channel that currently use ci
13 D2 ← {v|ci ∈ Υ(v)} . All channel that can potentially use ci
14 forall the vj ∈ D2 do
15 if TotalThroughput(ci, D1 ∪ vj) > TotalThroughput(ci, D1) then
16 D1 ← D1 ∪ vj
17 end if

18 end forall
19 if TotalThroughput(ci, D1) > fmax then
20 fmax ← TotalThroughput(ci, D1); cmax ← ci
21 end if

22 end forall
23 return cmax

24 Function TotalThroughput(c, V )
Input: V : Set of nodes, c: specific channel

25 f ← 0
26 forall the vi ∈ V do . Assume c is assigned to all nodes in V
27 I ← γi,P (c) +

∑
vj∈V \{vi} γi,j(c)

28 f ← f + log2

(
1 + P

I+σ2
n

)
29 end forall
30 return f

31 Function RemoveNeighbors(c)
32 D1 ← {v|ci ∈ C(v)}; D2 ← {v|ci ∈ Υ(v)}
33 forall the vj ∈ D2 do
34 if TotalThroughput(c, D1 ∪ vj) < TotalThroughput(c, D1) then
35 Υ(vj)← Υ(vj)\{c}
36 end if

37 end forall
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Table 4.1: Simulation Parameters

Parameter Value

Number of nodes |V | 25
Number of channels |C| 10
Available channels Υ(v) ∼ U [3, 5]

Primary Interference γi,P (.) ∼ U [0.0, 0.1]
Secondary User’s Power 1.0

Mutual Interference γi,j ∝ P
d2i,j

Noise Power σ2
n 0.01

Table 4.2: Comparing simulation results for problem 2 versus problem 1

Method Norm. No. Assigned Channels Norm. Throughput

Greedy Prob. 2 with IQP 0.534 0.976

Greedy Prob. 2 with Heuristic 0.546 0.973

ILP Prob. 1 0.5 1.005

Greedy Prob. 1 0.57 0.88
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Chapter 5

SPECTRUM SHARING BETWEEN ROTATING RADAR AND
SECONDARY WI-FI NETWORKS

Recently, the feasibility of white space based unlicensed device operation has been explored

for the 3 GHz band where spectrum sharing is to be achieved with terrestrial (e.g. Air Traffic

Control) and shipborne radars1. Similar to every primary-secondary coexistence scenario,

interference from unlicensed devices must be within acceptable bounds to avoid degradation

of primary user’s performance. In this chapter, we formulate the spectrum sharing problem

between a pulsed, search radar (primary) and 802.11 WLAN as the secondary. We com-

pute the protection region for a rotating terrestrial search radar for both a single secondary

user (initially) as well as random spatial distribution of multiple secondary users. Further-

more, we also analyze the interference to the WiFi devices from the radar’s transmissions

to estimate the impact on achievable WLAN throughput as a function of distance to the

primary.

5.1 Introduction

The scarcity of available RF spectrum and technological limitations for usage of higher

frequency bands (above 60 GHz) obligates more efficient allocation of spectrum. This has

motivated spectrum regulatory bodies such as FCC (US) and Ofcom (UK) to allow use

of unused ’spatio-temporal’ access opportunities by unlicensed users, subject to cognitive

rules of usage [19,54]. In this chapter, we focus on spectrum sharing between primary radar

systems and secondary 802.11 WLAN networks - a topic on which little work exists beyond

the studies in [72–81]. The re-emergence of interest in this topic is based in part on large

amount of licensed spectrum allocated to radar operations - over 1700 MHz in 225 MHz

to 3.7 GHz band, are set aside for radar and radio-navigation [82] in the US. Given that

1In the US, airport radars are allocated 2700-2900 MHz, and 3100-3650 MHz for military radar operations
for national defense.
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terrestrial radar locations are fixed and have predictable operational patterns, it is possible

to model their behavior and utilize it for a database-driven coexistence solution, akin to the

architecture espoused by the FCC for TV white spaces [83].

Database-driven spectrum sharing uses a geo-location database that determines avail-

able spectrum for a secondary user (SU) requesting access based on their location. This

coexistence mechanism is currently mandated by the FCC for operation in TV band; its

main impact was to remove the burden of spectrum sensing from secondary devices thereby

simplifying receiver design for clients (by obviating the need for a highly sensitive design)

and also avoids the challenges in distributed spectrum sensing such as the well-known hid-

den terminal problem, that is aggravated by channel conditions such as fading. By rules of

cognitive access, overlay secondary users are prohibited from re-using a primary operating

channel within an area defined as the protection region. The geo-location database has ac-

cess to relevant information of primary users such as location, transmit power, interference

tolerance, etc. that it utilizes to estimate this protection region to enable any secondary

transmitter to meet the interference protection conditions.

The actual implementation of any incumbent protection rule depends strongly on the

usage scenario, i.e., features of the primary and secondary systems and the consequent co-

existence requirements. In this chapter, we consider a rotating search radar as the licensed

transmitter and WiFi networks as unlicensed devices. First, we review the known design

equations that represent performance characteristics of a typical search radar for the purely

noise limited case in terms of the desired probability of detection PD and false alarm PFA.

This determines the minimum SNR requirements at the boundary of the radar operating

range and sets the baseline for comparison with any spectrum sharing regime.

In order to permit overlay transmission by secondaries, we need to define the rules for

co-existence. A recent DARPA program suggests drop of 5% in PD for fixed PFA [73]

at the edge of radar operating range; this defines the protection regime for the primary

receiver (from secondary interference). However, the fundamental objective of any WS type

spectrum sharing scenario is to promote secondary usage subject to the primary protection

constraints; we thus analyze the effect of (high power) radar pulse sequences transmitted

by rotating radar on the throughput of WiFi network. Any successful spectrum sharing
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system must balance the rights of the incumbent (primary protection) with encouraging

new services, and we hope that our work fundamentally highlights the inherent trade-offs

in this design space.

5.1.1 Related Works

There is growing interest in radar spectrum sharing from both regulators and researchers

[72–81, 84–89]. SSPARC program from DARPA [73] is a good example that seeks to sup-

port two types of sharing: a) Military/military sharing between military radars and military

communication systems to increase capabilities of both and b) Military/commercial sharing

between military radars and commercial communication systems to preserve radar capabil-

ities while meeting the need for increase commercial spectrum.

In [74–76], the author studies coexistence between radar and a cellular base station. The

focus of this work is to present available white/gray spectrum for secondaries as a result

of radar rotation by considering variable transmission power level for secondary users and

assuming a pre-known maximum tolerable interference by radar. Therefore, no discussion

is made on calculation of this maximum interference level, its dependency on main radar

parameters and how it can affect achievable SU throughput. The authors consider only

one sharing scenario in which SU is perfectly synchronized with radar rotations which is

not practical. Different secondary traffic types such as VoIP, file download and video-on-

demand are inspected and the result of radar interference on each case is studied. Similarly

in [72], temporal variations of radar antenna’s main lobe is exploited to support more white

space users when their location is not within the main lobe. In [77], spectrum sensing

is combined with database approach to create a hybrid spectrum sharing technique. The

authors in [80] study the potential for secondary LTE usage in 2.7-2.9 GHz radar bands for

different scenarios such as home eNodeB at street levels (HeNb), HeNb at high-rise buildings,

macro LTE transmitters and so on. They use a fixed INR of -10 dB for sharing without any

discussion on radar performance and how it relates to this threshold. Their analysis does

not consider radar rotation and mostly focused on single-user sharing with radar. In case

of multiple SU, no spatial distribution is considered and a simplifying assumption is made
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for all users to be in the same distance from radar.

Signal processing aspects of spectrum sharing between a MIMO radar and a wireless

communication system is analyzed in [81]. Their interference mitigation approach is shown

to eliminate wireless interferences from main/side lobe while maintaining target detection

performance.

Technical characteristics for various types of radars that are operating in the 2700-

2900 MHz as well as 5250-5850 MHz bands are introduced in [86, 87]. Protection criteria

against external interference is determined through experimental measurements by inject-

ing three types of unwanted emissions, continuous wave, CDMA-QPSK, and TDMA-QPSK.

Depending on interference type, maximum tolerable interference is measured in each case.

In [88], the authors evaluate interference from broadband communication transmitters such

as WiMax to radars in the 2700-2900 MHz band. They use WSR-88D next-generation

weather radar in their investigations and their analysis is based on field measurements. A

computation model for calculating aggregate interference from radio local area networks to

5-GHz radar systems is provided in [89]. Their analysis methodology is based on using point

to point path loss models between radio networks and radar as well as other link-budget

parameters such as antenna gains and frequency-dependent rejection. The aggregate inter-

ference is simply calculated from summation over a set of N known transmitters. Similar

studies are performed in [84] and [85].

Our novel contribution in this work is a complete characterization of Radar - WiFi coex-

istence as a function of all the relevant system parameters and design constraints/objectives.

First, the maximum tolerable interference from WiFi networks to radar is estimated for both

a a) single WiFi network and b) a (random) spatial distribution of multiple WiFi networks.

Depending on how much information about radar is available to secondary (WiFi) net-

works, various sharing scenarios are considered, resulting in different protection distances.

Second,the (time-varying) interference from radar to WiFi networks is modeled and achiev-

able secondary throughput is estimated.

The rest of this chapter is organized as follows. In section 5.2, baseline performance

for a noise limited radar is formulated. Section 5.3 considers coexistence between radar

and a single SU. Multiple SU with spatial distribution is discussed in 5.4. In section 5.5,
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interference from radar to SU is studied as a limiting factor to available white space capacity.

Numerical results are provided in 5.6 and finally 5.7 concludes the chapter.

5.2 Search Radar: Noise Limited Operation [1]

In this section, we review operational characteristics of a typical search radar in the noise

limited regime with no external source of interference. For a radar transmitting a pulse

train x(t) =
∑
n

√
PT s(t− n

fR
) with instantaneous power PT and pulse repetition frequency

of fR, the power of reflected signal from the target at the radar receiver, assuming free space

propagation is given by the well-know Radar Equation, i.e.,

PR =
PTG

2λ2

(4π)3d4
σ (5.1)

where G is the radar’s antenna gain (relative to isotropic antenna) on both transmit and

receive, λ is the wavelength and d the distance from source to the target of interest, and σ

represents the target’s radar cross section.

For a single received pulse, the signal-to-noise ratio (SNR) at the receiver input is cal-

culated as

SNRp =
PTG

2λ2

(4π)3d4N0fBW
σ (5.2)

with fBW representing the pulse bandwidth and N0 being the one-sided noise spectral

density.

N0 = FKTE (5.3)

where F is the receiver noise figure and TE is the ambient temperature. Radar detection

typically operates based on processing of multiple pulses received from the target. For a

coherent radar receiver that uses M pulses, the energy of the pulses are integrated such that

the resulting SNR at the detector input is increased by a factor of M , i.e.,

SNReff = M
PTG

2λ2

(4π)3d4N0fBW
σ (5.4)

where M = TI fR, product of illumination time TI and pulse repetition frequency fR. The
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target illumination time TI depends on radar scan rate as well as antenna pattern. Let θV

and θH (in radian) denote the vertical and horizontal antenna beam width, respectively,

then the antenna gain can be approximated as

G ≈ 4π

θHθV
ρA (5.5)

where ρA is the antenna efficiency, i.e., the radar antenna is concentrating an otherwise

uniformly distributed power into an area of θV θH with efficiency of ρA where the latter is

typically around 0.5. If radar is scanning over an area of Ω (steradians), within a scan time

of TS , then illumination time is determined as:

TI ≈ TS
θHθV

Ω
≈ TS

4πρA
ΩG

(5.6)

For a radar that searches the entire azimuth/elevation plane, Ω = 4π.

Using (5.4)-(5.6) yields

SNReff =
TS
Ω

PTGλ
2fR

(4π)2d4N0fBWL
σ (5.7)

Here, antenna efficiency ρA is replaced by L that represents total losses in the system, in-

cluding antenna efficiency, transmission lines mismatch, perfect coherence in pulse detector,

etc.

5.2.1 Minimum Required SNR

Radar detection performance is defined in terms of two probabilities, detection PD and false

alarm PFA, which in turn depend on SNR at the detector input. The latter is determined

by the pulse integration method that is utilized by the receiver, namely coherent versus

non-coherent.

a) Single pulse, hard detection: If the received signal at the detector input is

e0(t) = r(t) cos (ωct+ φ(t)) (5.8)
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then the PDF of the detected envelope for a single pulse is Rician, i.e.,

p(r) =
r

β2
e

−(r2+A2)

2β2 I0

(
rA

β2

)
(5.9)

where A is the amplitude of the base band pulse and β =
√
N0fBW . Therefore, PFA is

determined by setting A = 0 and integrating over 0 to detection threshold VT as:

PFA = e
−V 2

T
2β2 (5.10)

A similar general closed-form equation for PD does not exist in general. However, for

high-SNR cases, p(r) is well approximated as Gaussian, for which case PD is given by [1]

PD =
1

2

[
1− erf

(
VT

β
√

2
−
√

SNRp

)]
(5.11)

The relationship between PD, PFA and SNR is fairly accurately expressed via the following

empirical equation [1]:

SNRp = ln

(
0.62

PFA

)
+ 0.12 ln

(
0.62

PFA

)
ln

(
PD

1− PD

)
+ 1.7 ln

(
PD

1− PD

)
(5.12)

b) Coherent Integrator: For a coherent receiver integratingM pulses, the SNR-performance

relationship is described in (5.12) in which SNRp should be replaced with the effective SNR

at the detector input (SNReff), determined by (5.7).

c) Noncoherent Integrator: If radar utilizes a linear (rather than square-law) detector

for single pulse and then combines M pulses non-coherently, the required SNR per pulse for

desired PD, PFA is [90]:

SNRp,dB = −5 log10(M) +

[
6.2 +

4.54√
M + 0.44

]
log10(A+ 0.12AB + 1.7B)

A = ln
0.62

PFA
, B = ln

PD
1− PD

(5.13)

Overall, the baseline performance of a noise-limited radar can be evaluated in two ways:
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� Assuming that maximum operational range of the radar is known, calculate SNR from

(5.2) or (5.7) for the maximum distance d. Then, using either (5.12) or (5.13), we can

trade-off between PD and PFA.

� Assuming that target PD and PFA is specified, estimate required SNR from (5.12) or

(5.13) and then determine maximum range from (5.2) or (5.7).

For our calculations in the following sections, we consider a detector with coherent integra-

tion, using effective SNR in (5.7) with (5.12).

5.3 Interference Limited Radar - Single Secondary

In this section, we consider spectrum sharing with a single Wi-Fi user as the secondary

device by treating secondary signals as an external interference to radar receiver. Wi-Fi

transmissions use OFDM signals, whereby each OFDM symbol is a linear combination

of many randomly modulated sub-carriers. Hence, using central limit theorem, it is a

reasonable assumption to consider the resulting waveform as a Gaussian random process

that is independent of the (thermal) noise at the radar receiver [91]. Therefore, the power

of interference can be directly added to AWGN noise, effectively raising noise floor, in

calculation of Signal-to-Interference plus Noise ratio (SINR) at radar receiver input. Thus

using (5.7), the total SINR at the receiver input is

SINR =
TS
Ω

PTGλ
2fR

(4π)2d4L (N0fBW + I)
σ (5.14)

where I represents total interference power received from secondary user. The latter depends

on various factors: the distance and frequency dependent path loss between secondary source

and radar receiver, the azimuth between SU direction and radar’s main antenna beam, etc.

as below:

ISU→Radar =
PSUG(αH , αV )

L1(dRd−SU )FDR(∆f)
(5.15)
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where G(αH , αV ) defines radar’s antenna gain in the direction of SU (considering azimuth

and elevation), FDR(∆f) is frequency dependent rejection factor that depends on spectral

shape of transmitted signal P (f) and receiver receive input filter H(f), i.e.

FDR(∆f) =

∫∞
0 P (f)df∫∞

0 P (f)H(f + ∆f)df
(5.16)

represents the out-of-band emission from the WiFi source into the radar RF receiver front-

end as a function of ∆f = ft−fr, the difference between interferer and receiver tuned center

frequency. For a special case of exact co-channel operation ∆f = 0; for a perfectly flat filter

response H(f) = 1, FDR simplifies as the ratio of WiFi to radar bandwidth:

FDR = max

(
WiFi BW

fBW
, 1

)
(5.17)

The minimum required SINR for normal operation of the radar was defined in previ-

ous section. Therefore maximum additional interference level I that can be tolerated is

determined as:

SINR0 ≤
TS
Ω

PTGλ
2fRσ

(4π)2d4L (N0fBW + I)

I ≤ TS
Ω

PTGλ
2fRσ

(4π)2d4LSINR0
−N0fBW = Imax (5.18)

Using (5.15) and (5.18), we can calculate the minimum separation distance between radar

and SU2 as:

dRd−SU ≥ L−1
Rd−SU

(
PSUG(αH , αV )

FDR(∆f)Imax

)
(5.19)

Where LRd−SU (.) is the path-loss between radar and SU as a function distance. As this

equation suggests, the minimum separation distance depends on the instantaneous antenna

gain, G(αH , αV ).

2Or equivalently maximum transmission power for a known distance
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5.3.1 Numerical Results

For the computations in this section, we use radar parameters from ITU document, Rec.

ITU-R M.1464-1, for a typical aeronautical radio-navigation radar in 2.8 GHz band. Table

5.6 in Appendix provides parameters for the so-called type-B radar in [86]. We choose

performance points (of ROC) shown in Table 5.1 for the radar in noise and interference

limited cases. As suggested by SSPARC, a drop of 5% in performance is permitted to

Table 5.1: Target ROC for Noise/Interference Limited Performance

Mode PD PFA SNR/SINR (dB)

Noise Limited 0.90 10−6 13.14

Interference Limited 0.85 10−6 12.80

provide an interference margin for the secondary user, which is equivalent to an SNR loss

of 0.34 dB.

To calculate max allowable interference level, Imax in (5.18), maximum operational range

d and minimum target’s radar cross section σ are required which is not provided by Table

5.6. Any variation in values of these two parameters can significantly affect resulting Imax.

For example, if the SNR of the noise-limited regime in (5.7) is 16.14 dB (3-dB above the

required SNR in table 5.1) then Imax can be about as high as noise level N0fBW (INR of 0

dB), which brings SINR down to 13.14 dB. However, if we assume that SNR is already at

the minimum level, then we only have 0.34 dB room for the interference which reduces the

maximum INR down to −11 dB.

The type-B radar, as outlined in [86], employs high and low-beam horns in the antenna

feed array. The high-beam horn receives returns from high-altitude targets close to the

antenna, while the low-beam horn receives returns from low-altitude targets at greater

distances. Overall, it is designed for monitoring air traffic in and around airports within a

range of 60 Nm (approximately 111 km). A coverage pattern is also provided for a target

with 1 m2 radar cross section. Therefore, using d = 111 km and σ = 1, the resulting

SNR (5.7) will be 30.6 dB that is significantly bigger than required SNR of 13.14 dB. This

is unrealistic and does not represent radar’s borderline operation. Therefore, in order to
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remove the effect of d and σ in our calculation, we normalize them such that SNR in (5.7)

matches with required SNR in (5.12)3. Based on these normalized parameter values, Table

5.2 shows the maximum permitted interference level and resulting INR. For noise limited

case, no external interference is allowed because the radar’s performance is already at the

edge.

The results of two administrative tests, performed in [86] by injecting three types of

interfering signals (Continuous Wave, CDMA-QPSK, TDMA-QPSK) to radar’s receiver

input, have also concluded that and an INR of -10 dB can fully protect radar type B and

other aeronautical radionavigation radars operating in the 2700-2900 MHz.

Table 5.2: Maximum Permitted Interference Level

Mode Imax (dBm) INR (dB)

Noise Limited −∞ −∞
Interference Limited -122.64 -10.96

5.3.2 Protection Distance

The maximum interference level that was calculated in previous section can be used in

(5.19) to define minimum separation between SU and radar receiver. SU is assumed to be

a Wi-Fi AP with following parameters:

Table 5.3: Secondary User Specification

Parameter Value

Emission Power (EIRP) PSU 1 Watt
Bandwidth (MHz) 20.0

Antenna Height (m) 3.0
Interference Type Co-channel, ∆f = 0

Antenna Gain (Dipole) 2.15 dBi
Noise Figure (dB) 8.0

3By increasing the value of d or decreasing σ, effective SNR is reduced to match with (5.12)
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Since SU and Radar are assumed to be co-channel, the FDR is calculated as the ratio

of corresponding bandwidths FDR = 20MHz
653KHz = 30.6. Note that we have used IF 3-dB

bandwidth for radar’s receiver which is significantly smaller than RF 3-dB bandwidth of 10

MHz, since radar signal detection happens at IF.

A statistical antenna gain model is introduced in [89] to determine the radar antenna gain

in the azimuth and elevation orientations. For high gain values of 22 < Gmax = 33.5 < 48

dBi, following piece-wise function is suggested:

G(θ) =



Gmax − 0.0004 ∗ 10Gmax/10θ2 θ ∈ [0, θM ]

0.75Gmax − 7 θ ∈ [θM , θR]

53−Gmax/2− 25 log(θ) θ ∈ [θR, θB]

11−Gmax/2 θ ∈ [θB, 180]

(5.20)

where θM = 50
√

0.25Gmax + 7/10Gmax/20, θR = 250/10Gmax/20 and θB = 48. Figure 5.1

shows antenna gain versus azimuth with a main lob of 33.5 dBi. The 3-dB beam width in

this pattern is 3.7 degree. Using this antenna pattern and Longley-Rice path loss model [42]

between secondary user and radar’s receiver, Figure 5.1 also shows protection region as a

function of relative azimuth between SU and radar’s antenna main beam. It is clear that

protection region follows the same pattern as radar’s antenna pattern as suggested by (5.19).

5.4 Interference Limited Radar - Multiple Secondary Networks

Equation (5.18) defines a maximum interference level that a radar can tolerate while its

performance is in the acceptable range. From radar’s point, if multiple secondary users

coexist with the radar simultaneously, the accumulated signal power at radar’s location

must also be bounded by (5.18). In practice, this is the more common scenario due the

proliferation of WiFi networks.

The characterization of the aggregate interference from multiple WiFi APs as seen by

a radar receiver, is fundamentally determined by the multiple access protocol employed by

WiFi nodes. Users within a single WiFi network time-share the common channel based on
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Figure 5.1: Radar antenna gain as well as Protection distance between SU and Radar v.s.
azimuth.

CSMA-CA, i.e., the WiFi DCF protocol prohibits simultaneous multiple user transmissions.

However, different WiFi networks can simultaneously operate in the vicinity of a radar and

the aggregate interference across different networks needs to be accounted for, as shown in

the scenario in Figure 5.2.

Wi-Fi APs and their associated users are randomly distributed in space which is suitably

modeled as a Poisson Point Process (PPP). For a radar located at point y ∈ Rd and

randomly distributed access points at x ∈ Rd, the aggregate interference from secondary

users to radar is described as a generalized shot noise process in space [92]:

Iaggr(y) =
∑
x∈Φ

PxG(θx)

FDR(∆f)
l(||y − x||) (5.21)

where Px is the SU transmit power at location x (an i.i.d random variable) and ||y − x||

describes the distance between radar and secondary access point. l(.) is the impulse response

function that models signal attenuation (inverse of path loss) and G(.) is radar’s antenna

gain in the direction of interferer, θx. Stochastic distribution of Iaggr, plays an important
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Coverage area 

Figure 5.2: Aggregate interference from multiple WiFi access points to radar receiver.

role in performance analysis for radar. We assume all WiFi networks form a PPP of intensity

λ and each network is independently active with probability p. Hence, it is effectively a

PPP of intensity pλ with all nodes being active simultaneously. Furthermore, we consider

a fixed transmit power for all WiFi networks (which is common in practice) of Px = PSU .

The aggregate interference Iaggr in (5.21) is a weighted sum of received power from many

independent APs that are distributed over a large area. Hence, it is reasonable to assume

that Iaggr has a Gaussian distribution with mean and variance of µI and σ2
I , respectively [93].

For a PPP of density λ, the mean and variance of the sum
∑
x∈Φ f(x) is calculated from

Campbell’s theorem [92] as

E

[∑
x∈Φ

f(x)

]
= λ

∫
Rd
f(x)dx (5.22)

var

[∑
x∈Φ

f(x)

]
= λ

∫
Rd
f2(x)dx (5.23)
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5.4.1 Average and Variance of Interference (µI , σ
2
I )

The average interference that is received at radar receiver is calculated from (5.22) by

integrating over the R2 plane. Assuming that radar receiver is at the origin (y = 0):

µI = E[Iaggr] =
pλPSU

FDR(∆f)

∫
R2
G(θx)l(||x||)dx (5.24)

Here we assume there is a minimum separation distance between radar and SU which could

potentially be a function of θ, d(θ). Using polar coordinates for the integral and considering

l(r) = K0r
−α we obtain:

µI =
pλPSUK0

FDR(∆f)

∫
θ

∫ ∞
d(θ)

G(θ)r1−αdrdθ

= CµI

∫
θ
G(θ)d2−α(θ)dθ

CµI =
pλPSUK0

FDR(∆f)(α− 2)
(5.25)

with an important assumption of α > 2 to guarantee convergence of inner integral. This

assumption is valid in practical cases because except for the free space path loss, where

α = 2, in all practical cases α > 2.

This equation allows variation in protection distance according to current direction of

the radar’s main antenna beam. The total interference highly depends on the choice of

function d(θ) as a systematic parameter that trade-offs protection distances between main

beam interferer versus side lobe ones. This is clearly chosen based on G(θ) and optimized

subject to some constraints, as shown in the following sections.

The variance of aggregated interference is calculated from (5.23). Similar to the approach

taken for µI , the variance σ2
I is calculated by the following double integral over r and θ:

σ2
I =

pλP 2
SUK

2
0

FDR2(∆f)

∫
θ

∫ ∞
d(θ)

G2(θ)r−αrdrdθ

= Cσ2
I

∫
θ
G2(θ)d2−2α(θ)dθ

Cσ2
I

=
pλP 2

SUK
2
0

FDR2(∆f)(2α− 2)
(5.26)
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with the assumption that α > 1 to ensure convergence of the integration over r.

5.4.2 Protection Region

With multiple secondary users being active simultaneously, protection region for radar can

be defined in terms of probability of outage, i.e. probability of effective radar SINR dropping

below the minimum threshold. This is also equivalent to limiting aggregate interference

Iaggr < Imax. Since Iaggr has a normal distribution N(µI , σ
2
I ), the outage probability can

be determined as following:

Poutage = Pr{Iaggr > Imax}

= Q

(
Imax − µI

σI

)
(5.27)

where Q(.) function is the tail probability of the standard normal distribution. It is desired

to set an upper bound for probability of outage, Pout,max:

Poutage ≤ Pout,max → Q

(
Imax − µI

σI

)
≤ Pout,max

Imax ≥ µI + σIQ
−1 (Pout,max) (5.28)

This equation defines the relationship between maximum tolerable interference by the radar

receiver and average/variance of aggregate interference from secondary WiFi networks. De-

pending on how much information about radar rotation is available at the SU, different

scenarios are plausible for determining protection distance d(θ). Here we consider three

special cases. First, optimal protection distance is defined and calculated for a secondary

network that has full knowledge about current radar antenna beam with respect to its lo-

cation. Second, an SU that has no knowledge about radar rotation pattern and therefore is

not capable of synchronizing its transmission instances with it. This results in a constant

d(θ) = dmin and a circular protection region. Third, a secondary user that is partially aware

of radar’s rotation schedule and is capable of identifying radar’s main lobe from side lobe

is evaluated as a pragmatic sub-optimal solution.

In order to better estimate protection distance, we need a more accurate path loss model
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than free space model. We use the well-known Longley-Rice (LR) model that is based on

field measurements and is relatively more accurate. However, previous analysis needs a

closed form attenuation function of the form l(r) = K0r
−α. Accordingly, we performed

exponential curve fitting on LR with parameters in tables 5.3 and 5.6 to estimate α and

K0. LR defines three propagation regions, namely line of sight, diffraction and scattering.

By using line-of-sight region for curve fitting, l(r) = 259 r−3.97 is obtained.

Optimal Distance

Using (5.28), the coexistence criteria is defined by limiting average and variance of aggregate

interference µI + σIQ
−1 (Pout,max) ≤ Imax. This inequality has a trivial answer that is

achieved by letting d(θ) → ∞ (apparent from (5.25) for example). In order to avoid this,

one must minimize the total protection area subject to total interference limit as formulated

in following optimization problem:

dopt = arg min
d(θ)

∫ 2π

0

d2(θ)

2
dθ (5.29)

subject to:

µI + σIQ
−1 (Pout,max) ≤ Imax (5.30)

For the most general antenna pattern model of G(θ), it is proven in the appendix that

optimum protection distance dopt(θ) is proportional to G1/α(θ) with an eqality constant

that is determined by numerically solving following equation:

dopt(θ) = γG
1
α (θ)

Aγ2−α + Bγ1−α − Imax = 0 (5.31)

in which A and B are constant determined by:

A = CµI

∫ 2π

0
G

2
α (θ)dθ

B = Q−1 (Pout,max)

√
Cσ2

I

∫ 2π

0
G

2
α (θ)dθ (5.32)
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Radar-Blind SU

For this type of SU, protection distance d(θ) = dmin is constant and it simplifies equations

(5.25) and (5.26). By using simplified mean and variance in (5.30), dmin is found as the

solution of following equation:

d2−α
min

[
CµI

∫
G(θ)dθ

]
+ d1−α

min

[
Q−1(Pout,max)

√
Cσ2

I

∫
G2(θ)dθ

]
= Imax (5.33)

Main/Side Lobe Interferer

While equation (5.31) determines best protection distance in its general form, SUs have

limited resolution in synchronizing with radar rotation in any practical scenario. A more

pragmatic assumption is that secondaries can estimate when radar’s main antenna beam is

directed toward their location and stop their transmission accordingly. Here, radar antenna

pattern is split into two regions of main lobe with a width of θH and side lobe that is

2π− θH wide. Protection distance is similarly divided to two distances of dmax and dmin for

the main lobe and side lobe, respectively. One of these two distances should be specified

intentionally and the other distance is calculated from total interference constraint. This

degree of freedom allows us to optimize (minimize) total protection distance.

Let β = dmax
dmin

be the radio of main beam protection distance to side beam. For any

choice of β, protection distances dmin and dmax can be determined from the constraint in

(5.30), which results in following:

d2−α
min CµI ξ1 + d1−α

min Q
−1(Pout,max)

√
Cσ2

I
ξ2 = Imax

ξ1 =

∫ 2π− θH
2

θH
2

G(θ)dθ + β2−α
∫ θH

2

−θH
2

G(θ)dθ

ξ2 =

∫ 2π− θH
2

θH
2

G2(θ)dθ + β2−2α
∫ θH

2

−θH
2

G2(θ)dθ

dmax = βdmin (5.34)

The best ratio β is selected to minimize total protection area of Area = [β2θH/2 + π −

θH/2]d2
min. For pλ = 10−6 (time-space density product), figure 5.3 shows total protection
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area as a function of β for various values of Gmax
Gmin

(radio of maximum to minimum radar

antenna gain).

Figure 5.4 shows protection distance as a function of relative azimuth with radar’s main

beam for three cases of Radar-Blind SU, Optimal Distance and Main/Side lobe interferer.

It is evident from this figure that a radar-blind SU will lose a significant portion of available

white space spectrum as protection distance is significantly larger than other two cases.

Main/Side interferer is plotted for the optimum choice of β. It provides a much closer

distance to optimal results. A comparison between optimal distances here and that of

single user in figure 5.1 reveals that distances are significantly increased (10-km for side

lobes is expanded to 239-km) because of accumulated interference from spatial distribution

of users. Table 5.4 compares total protection area for the three cases above. While total

area occupied by main/side lobe interferer is about twice as optimal area, the required area

for radar-blind user is 11.5 times larger than optimal which again highlights inefficiency of

this method.

Table 5.4: Protection Area Comparison

Optimal Main/Side Lobe Radar Blind

Total Area 0.54 0.98 6.2
(1000,000 km2)

Min. Distance (km) 239 437 1403

Max. Distance (km) 2331 2140 1403

5.5 Interference to WiFi devices

The main goal of spectrum sharing is to create new secondary networks, while providing

protection to the incumbents (primary). Therefore, it is essential to study primary to

secondary interference. In most sharing scenarios, secondary transmitters use a significantly

lower power profile compared to the primary4, rendering them very sensitive to interference

from the primary.

4For example, in TV white spaces, TV station may output upto 1000 KW as against portable secondary
devices transmitting at 100 mW.
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The radar signal received at a WiFi receiver is given by

y(t) =
∑
n

√
GSUG(θ(t))PT
LRadar→SU

s(t− n

fR
)

where G(θ(t)) is the time-varying, radar antenna gain and LRadar→SU is the path loss from

radar to SU. By reciprocity, the path loss from SU to radar is thus LRadar→SU = 1
K0r−α

.

The instantaneous interference power from the radar and resulting SINR at the input to

the WiFi receiver can be written as

PR(t) = PTGSUG(θ(t))K0d
−α
Radar−SU

∑
n

Π(
t

PW
− n

fR
)

SINRSU (t) =
PSUGSU

LSU−SU (N0BW + PR(t))
(5.35)

The radar interference to WiFi receivers is non-stationary for two reasons. First, due

to radar rotation, the interference power varies periodically as a characteristic for search

radars. Depending on rotation speed, this period is typically of the order of seconds. Second,

the transmitted signals by radar s(t−n/fR) consists of short pulses as shown in Figure 5.5.

For our typical aeronautical radar, the pulse width is 1µs and pulse repetition internal

is about 1ms. Therefore, even when the radar main beam is directly aligned with WiFi

receiver (G(θ(t)) is maximum), there are inter-pulse durations with zero interference.

Analytical evaluation of WiFi performance against a non-stationary interferer such as

a pulsed radar is substantially more complicated than stationary ones for several reasons.



103

First, depending on WiFi packet size and radar pulse repetition interval, the impact of radar

signal on WiFi packet reception can vary greatly. For example, packet lengths in 802.11n

can be vary from few hundreds of microseconds to several tens of milliseconds. Therefore, for

pulse repetition interval of 1ms, short packets can fall in between inter-pulse intervals with

significant probability, while longer packets almost surely overlap with radar pulses. Second,

WiFi packets are composed of multiple OFDM symbols each of duration 4µs (for 802.11n

in a 20-MHz channel) [94]. A radar pulse of 1-µs width will collide with one symbol (or few

symbols when packet is very long) out of many in the packet. Depending on the channel

code (convolutional or LDPC) and selected MCS as well as the SNR of the interference-free

channel, packet might still be decodeable. In addition, certain OFDM symbols are more

crucial than the others. A collision between PLCP header and radar pulses will leave the

entire packet undecodeable while impacted data symbols may be recovered by interleaving

and channel coding. Third, all practical implementations of WiFi MAC/PHY layers include

rate adaptation mechanisms to choose the best MCS based on channel condition. These

algorithms are typically designed to converge to a steady state response in presence of

stationary noise and interference. A non-stationary interferer can degrade the performance

drastically unless smarter adaptation methods are designed which are aware of coexistence

scenario.

A comprehensive WiFi performance study that considers all the aforementioned concerns

is beyond the scope of this work. Here, our focus is the achievable throughput in WiFi given

the sharing scenario. Therefore, we assume that best MCS selection in WiFi is made for

the current SINR. We consider a pair of 802.11n-based SUs in a 20-MHz channel with one

spatial stream (1x1 SISO). The standard modulation and coding schemes in 802.11n as

well as achievable rates are shown in Table 5.5. The minimum required SNR for each MCS,

corresponding to a 10% packet loss, is also provided. The SNR values are obtained from [95]

which are based on experimental measurements on an Intel Wireless Wi-Fi Link 5300 a/g/n.

The achievable throughput RSU (t) is a function of two factors; the instant SINR as in

(5.35) that determines date rate through table 5.5 and the fraction of time SU is allowed

to transmit, ρ(d). From previous analysis for a single user or multiple users, there is a

minimum separate distance d(θ(t)) that depends on the direction of radar’s main beam.
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Table 5.5: Standard modulation and coding schemes and achievable data rates for 802.11n
specifications. Minimum required SNR for each MCS, corresponding to 10% packet loss, is
also provided.

MCS Modulation Coding Rate Data Rate(Mbps) SNR

0 BPSK 1/2 6.5 4.5
1 QPSK 1/2 13.0 6.5
2 QPSK 3/4 19.5 8.0
3 16-QAM 1/2 26.0 10.5
4 16-QAM 3/4 39.0 13.5
5 64-QAM 2/3 52.0 17.5
6 64-QAM 3/4 58.5 19.5
7 64-QAM 5/6 65.0 21.5

ρ(d) defines the fraction of time when dRadar−SU ≥ d(θ(t)). Therefore, SU throughput is:

RSU (t) =

 f(SINR(t)) dRadar−SU ≥ d(θ(t))

0 dRadar−SU < d(θ(t))
(5.36)

Therefore, a closer SU to radar has a lower throughput not only due to reduced SINR

but also diminished transmission opportunity. The ρ(d) factor also depends on our sharing

policy. For example, for a Radar-Blind SU, ρ(d) is a binary function while for Main/Side

lobe interferer, it is constant as long as d < dmax.

Figure 5.6 shows achievable throughput by SU for a single user sharing scenario with

radar. Three different users are considered at different distances from the radar and through-

put variation is depicted with respect to radar rotation. The path loss between WiFi AP and

station is set to 80 dB, corresponding to free space loss for a 100-meter link at 2.7GHz. As a

first order approximation, SINR is set to instantaneous SINR as defined by (5.35), treating

radar pulses as a continuous waveform (CW) interfering with WiFi OFDM symbols.

In order to differentiate radar pulses from a CW signal, we need to estimate effective

SINR from (5.35). Since WiFi data are interleaved in time, an OFDM symbol (4-µs long)

that falls within a radar pulse is later extended to (after de-interleaving) a significantly

larger time interval. This is equivalent to extending radar pulse width while reducing its

power level. Therefore, if we assume that WiFi interleaver is sufficiently long, effective
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Figure 5.6: Secondary user throughput for single-SU sharing with radar.

radar interference is PR(t) = PWfRPTGSUG(θ(t))K0d
−α
Radar−SU , which is averaged over

pulse repetition interval. Here, radar interference to WiFi receiver is scaled by a factor of

pulse width/pulse repetition interval. The average SINR and throughput experienced by

the SU is:

SINR(t) =
PSUGSU

LSU−SU (N0BW + PR(t))

RSU =

∫
<TS>

RSU (t)dt (5.37)

where integration is over the scan time of radar, TS . Figure 5.7 shows average SU throughput

based on (5.37) for single and multiple SU sharing.

5.6 Numerical Results

In this section, protection distance and SU throughput is evaluated against various system-

atic parameters. In previous sections, we made a conservative assumption that the SNR

of radar pulses reflected from a target at the edge of radar’s coverage area are already at
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the minimum required level specified by (5.12). This condition will leave a small room

for additional interference from secondaries and therefore results in a larger protection dis-

tance. Here, we relax this condition by estimating SNR from (5.7) and estimating permitted

interference from SU.

Figure 5.8 shows maximum permitted INR caused by SU as a function of radar per-

formance drop (reduction in Pd). Original Pd is set to 0.9 and reduction of down to 0.7

is evaluated in this figure. Different curves in the figure correspond to various initial SNR

(without SU interference) at the radar. Bigger initial SNRs open more room for external

interference and result in larger INRs, as can be seen in this chart. For example at initial

SNR of 16.14 and with 0% performance drop, INR can be as large as 0 dB. This is because

initial SNR is 3 dB above minimum required SNR of 13.14 dB, therefore a 3 dB drop is

allowed.

Using radar parameters in table 5.6, radar initial SNR is estimated to be 30.57 dB which

allows maximum INR of +17.69 dB for 5% drop in Pd. We use this INR in the following to

determine a less conservative protection distance then previous sections as well as achievable
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SU throughput.

5.6.1 Protection Distance

Figure 5.9 shows protection distances for single and multiple SU sharing. Comparing this

with figures 5.1 and 5.4 reveals that protection distances are immensely reduced because INR

is increased from -10.96 dB to +17.69 dB. To better investigate the effect of initial radar SNR

on required protection distances, figure 5.10 shows protection distance for single/multiple

radar-blind secondary users with different initial radar SNR. The minimum required SNR

for target ROC point of Pd=0.90 and Pfa = 10−6 is 13.4 dB. Therefore, for the initial SNR

of 13.14 dB, allowing radar performance to drop because of additional interference is very

critical and reducing this drop can increase the distance to a large extent. However, if initial

SNR is above this limit by only a few dB, the dependency of protection distance on radar

performance drop is significantly reduced. For example at SNR of 17.14 dB, increasing

radar Pd drop from 90% to 70% will reduce the distance from 315 km to 260 km (multiple
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SU, radar-blind).

In sharing radar spectrum with distributed SUs, average interference is also highly af-

fected by population density and probability of WiFi network’s activity. Figure 5.11 shows

this dependency by evaluating protection distance for radar-blind users versus the product

of pλ and for different initial radar SNR. A constant performance drop of 5% is utilized

for radar. It is clear from this figure that in the logarithmic scale, protection distance is a

linear function of pλ.

5.6.2 SU Throughput

By increasing initial radar SNR or allowing further drop in its performance, we observed

significant reductions in protection distances as it was shown in previous results. Reduced

distances provide additional white space opportunities for WiFi devices in spatial domain.

On the other hand, closer distances to radar means additional interference from transmitted

pulses.

The average interference from radar to WiFi receiver was calculated in (5.37) by scaling
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Figure 5.10: Protection distance versus radar performance drop for single/multiple radar-
blind secondary users. Initial SNR corresponds to noise-limited SNR at radar receiver.

peak power with the ratio of pulse width to pulse repetition interval. For our radar param-

eters, this translates to 1µs
896µs ≈ 29.5 dB reduction in effective radar interference level which

significantly improves WiFi SINR at close distances to radar. Figure 5.12 shows achievable

SU throughput for both cases of using peak radar interference (a) and average/effective

radar interference (b) to WiFi receivers (29.5 dB reduction w.r.t. peak). Initial radar SNR

is set to 23.14-dB which is 10-dB above minimum required level and radar performance

drop is set to 5%. For a radar-blind SU that can only coexist with radar at large distances

of >120 km, throughput is the same in both cases because radar interference is negligible.

However, at close distances of single-user sharing and multi-user with optimal distance,

throughput drop due to radar interference is very clear in (a). Particularly for the case of

single-user sharing, protection distance is reduced to about 2-km, but practical throughput

is still zero up to 12 km from radar.
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5.7 Conclusion

In this chapter, we considered the problem of spectrum sharing between a rotating radar

and WiFi networks. Minimum required SNR for noise-limited operation of the radar was

defined as a function of basic radar parameters, including probability of detection. Coexis-

tence with WiFi users was made possible by permitting a certain drop in radar’s detection

performance. We showed that this performance drop is very essential when radar SNR

(without interference from WiFi users) is very close to the minimum required SNR. This

determined maximum tolerable interference by the radar from WiFi devices (INR). Evalu-

ating INR for various values of radar detection drops revealed that INR falls abruptly at

small performance detection drops, when radar SNR is already at its minimum; otherwise

INR changes are slow.

Protection distance - the minimum required distance between SU and radar receiver -

was calculated for both single-SU case as well as multiple spatially distributed SUs. The

latter formed a Poisson point process in space and an aggregate interference to radar that
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Figure 5.12: Achievable SU throughput versus distance for various sharing policies. (a)
is based on peak radar interference to WiFi receiver and (b) is based on average radar
interference.

was approximated as Gaussian. Outage probability was utilized as the defining metric for

protection distance calculation and different sharing scenarios was introduced based on how

much radar-related data is available to the SU.

The optimal protection distance was defined in terms of minimizing total protected area.

It was shown to be proportional to G
1
α (θ). For a radar-blind SU, a constant protection

distance was defined which was significantly larger than optimal distance. Comparing total

protected area for these two showed that radar-blind area is about 12 times (for our settings)

larger than optimal area. A more pragmatic solution is an SU with sufficient side information

about radar to distinguish main lobe from side lobe. Protection distance for this type of

SU was calculated and shown to be very close to optimal distance.

The effect of interference caused by radar pulses on performance of WiFi networks was

modeled and achievable throughput (as a function of radar rotation as well as average) was

estimated. For close distances to radar, throughput was shown to be very low even though



112

SU is allowed to transmit. Since radar interference is non-stationary, two cases were con-

sidered as the upper and lower bounds of effective radar interference. First, instantaneous

interference from radar pulses was utilized for calculating effective SINR. Second, the power

of radar pulses was normalized by the ratio of pulse-width/pulse-repetition-interval. The

former showed significant throughput reduction at close distance (single SU and optimal

multiple SU).
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APPENDIX

5..1 Radar Parameters

Radar parameters used for simulation purposes in this chapter are presented in table 5.6.

5..2 Optimum Protection Distance

Based on equations (5.29) and (5.30), optimal protection distance by limiting maximum

outage probability is obtained as:

dopt = arg min
d(θ)

∫ 2π

0

d2(θ)

2
dθ

µI + σIQ
−1 (Pout,max) ≤ Imax

where µI and σI are calculated in (5.25) and (5.26):

µI = CµI

∫
θ
G(θ)d2−α(θ)dθ

σI =

√
Cσ2

I

∫
θ
G2(θ)d2−2α(θ)dθ

Optimal d(θ) is attained by reducing inequality constraint to equality. This is simply because

for any d(θ) that the strict inequality constraint holds (strict <), we can scale down d(θ)

accordingly to increase µI , σI and achieve equality constraint (note that 2 − α < 0 and

2− 2α < 0). This will clearly result in a smaller objective function.

Having equality constraint, we use Lagrange multiplier method with a dummy variable

2P0N: No modulating signal and no information transmitted [96]

3Options are: continuous, random, 360 deg, sector, etc.
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Table 5.6: Technical Parameter for Type B Aeronautical Radar

Characteristics Radar B

Platform Type Ground, ATC
Tuning Range (MHz) 2700 - 2900

Modulation P0N5

Tx power into antenna 1.32 MW
Pulse Width (µs) 1.03

Pulse rise/fall time (µs) –
Pulse repetition rate (pps) 1059 - 1172

Duty Cycle 0.14 maximum
Chirp BW NA

Compression Ratio NA
RF emission BW (-20 dB) 5 MHz
RF emission BW (3 dB) 600 kHz

Antenna Parameters

Type Parabolic reflector
Pattern type (degrees) Cosecant-squared +30

Polarization Vertical or right hand circular
Main beam gain (dBi) 33.5

Elevation beamwidth (degree) 4.8
Azimuthal beamwidth (degree) 1.3
Horizontal scan rate (degree/s) 75
Horizontal scan type6(degrees) 360
Vertical scan rate (degree/s) N/A
Vertical scan type (degree) N/A

Side-lobe levels (1st and remote) 7.3dBi
Height (m) 8.0

Receiver Parameters

IF 3 dB bandwidth 653 kHz
Noise figure (dB) 4.0 maximum

Minimum discernible signal (dBm) -108
Receiver RF 3 dB bandwidth (MHz) 10

ε to redefine objective function as

dopt = arg min
d(θ)

∫ 2π

0

d2(θ)

2
dθ + ε

(
µI + σIQ

−1 (Pout,max)− Imax

)
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Taking partial derivatives of the new objective function with respect to d(θ) results in:

∂f

∂d(θ)
= 0

d(θ) + ε

[
∂µI
∂d(θ)

+Q−1(Pout,max)
∂σI
∂d(θ)

]
= 0

Replacing µI and σI :

d(θ) + ε

(2− α)CµIG(θ)d1−α(θ) +
Q−1(Pout,max)Cσ2

I
(2− 2α)G2(θ)d1−2α(θ)

2
√
Cσ2

I

∫
θG

2(θ)d2−2α(θ)dθ

 = 0

Let X = G(θ)d−α(θ), the above equation can be written as 1 + ε
[
ΓX + ΛX2

]
= 0, where

Λ and Γ are constant. Solving for X results in G(θ)d−α(θ) = −εΓ±
√
ε2Γ2−4εΛ

2εΛ . Therefore,

d(θ) is proportional to G
1
α (θ). The proportionality constant is found from the constraint

equation:

d(θ) = γG(θ)
1
α

CµI

∫
θ
G(θ)γ2−αG

2−α
α (θ)dθ +Q−1 (Pout,max)

√
Cσ2

I

∫
θ
G2(θ)γ2−2αG

2−2α
α (θ)dθ = Imax

which is simplified to:

γ2−αCµI

∫
θ
G

2
α (θ)dθ + γ1−αQ−1 (Pout,max)

√
Cσ2

I

∫
θ
G

2
α (θ)dθ = Imax
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Chapter 6

SDR PLATFORM FOR WIRELESS OPERATION IN WHITE SPACE
SPECTRUM

6.1 Introduction

In previous chapters, we studied various problems in the context of spectrum sharing or

coexistence between an unlicensed secondary user and a licensed primary owner. The fun-

damental purpose behind all these coexistence analysis is to enable end users to build and

operate wireless networks in the shared RF spectrum without interfering with licensed users.

Also in academic world, developing new ideas for interference management and coexistence

necessitates open source test wireless networks. Building a practical network which operates

in these newly available bands can be very challenging due to multiple reasons:

� Commercial products such as WiFi cards and access points are not readily available

for these bands. Typically, large manufacturers of these commercial devices need a

certain demand to consider a new frequency band in their product line. Clearly, this

means the lengthy standardization process must be finalized before any supporting

hardware appears in the market.

� Even with the existence of access points for setting up WiFi networks in the emerging

bands, current user devices (laptops, tablets, cellphones, etc.) cannot exploit any of

these networks due to their hardware incompatibility. Hence, practical performance

evaluation requires developing hardware prototypes.

� All commercial devices are designed for and implemented on ASIC1. This leaves min-

imum configurability, particularly for lower layers of the network stack (PHY/MAC)

and RF front-end. Therefore, each new device is still limited to one or few bands

1Application Specific Integrated Circuit
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without possibility of changing bandwidth, power, aggregating multiple discontinuous

bands, etc.

There are very important features that are essential in any potential wireless test-bed.

High configurability is the key enabler for researchers which allows them to change basic

settings on the processing chain of transmitter and receiver in order to mimic any desired

scenario. This capability is more difficult at the lower layers of PHY and MAC, where most

of the real-time processing happens. Portability of nodes is a fundamental characteristic

in wireless networks. It is often necessary to evaluate overall user throughput or other

performance metrics in a dynamic environment with users roaming around. Especially,

for cognitive radio experiments based on spectrum sensing or DBA, spatial variation of

available spectrum and its quality (as discussed in chapter 3) is a key feature and a portable

wireless platform is essential. The achievable user throughput in a high-rate network such

as WiFi is highly affected by processing delays in the physical and lower MAC layer2. Real-

time processing at these layers is crucial to achieve rates that are comparable with the

standard. This feature is often traded-off by high configurability. For example, a fully-

software implementation of network stack provides highest configurability while severely

affecting real-time capability of the lower layers.

The focus of this chapter is around design and implementation of an open-source hard-

ware platform as a wireless test-bed which provides the required features discussed above.

The outcome of this chapter is utilized in a longer-term project, called CampusLink, with

the purpose of providing wireless connectivity through shared spectrum access in the Uni-

versity of Washington campuses. Further details are provided in the next sections. The rest

of this chapter is organized as follows. Section 6.2 provides background and related works

in this area. Selected SDR for our implementations is presented with details in section 6.3.

Implementation details of physical layer is presented in section 6.4 and MAC layer is dis-

cussed in section 6.5. Integration of different layers in the hardware is discussed in section

6.6.

2Lower MAC layer is responsible for time-critical tasks such as sending ACK after receiving a successful
packet or running CSMA-CA state machine.
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6.2 Background and Related Works

A Software Defined Radio (SDR), also known as software based radio or just software ra-

dio, is a radio in which the properties of carrier frequency, signal bandwidth, modulation,

and network access are defined by software. Modern SDR also implements any necessary

cryptography, forward error correction coding, and source coding of voice, video, or data

in software as well [6]. The multidimensional aspects of SDR spans from radio implemen-

tation to user application level. At radio level, SDR is viewed as an efficient technique for

construction of wireless devices, offering a wide range of advantages including adaptability,

reconfigurability and multifunctionality [97,98]. Depending on usage, an SDR can have one

or some of following features [99]:

� multi-band: which is supporting more than one frequency band in a wireless standard,

such as LTE-700, LTE-1700 and LTE-1900.

� multi-standard: that is supporting more than one wireless standard, such as LTE-

TDD, LTE-FDD, GSM and WLAN.

� multi-service: which provides different wireless services to user, such as telephony,

data and video streaming.

� multi-channel: that supports multiple transmission and reception channels indepen-

dently and simultaneously.

Here, our focus is on multi-band and multi-standard features which contributes to its recon-

figurability. The adaptability of SDR platforms is well-aligned with cognitive radio systems

requirements to the extent that CR is sometimes defined as an SDR with additional sensing

capability [99]. Therefore, this is an excellent target for our wireless test-bed complying

with the required features.

The basic hardware architecture for a modern SDR is shown in figure 6.1. The RF

front-end is designed to support a large frequency range using tunable filters, mixers and

local oscillators. The digital back end is the highly configurable processing chain which
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Figure 6.1: Basic hardware architecture of an SDR modem. It provides resources to define
carrier frequency, bandwidth, modulation and source coding. The hardware resources may
include mixtures of GPP, DSP, FPGA and other specialized processors [6].

comprises DSPs, general purpose processors and FPGAs. The software architecture in the

digital back-end is created based on application programming interfaces (APIs) for the

major components to ensure portability across different hardware implementations.

The flexibility offered by SDRs has motivated researchers to design and build various

SDR boards with different capabilities [100–103]. Major differences between these SDRs are

in the supported RF frequency span, instantaneous baseband bandwidth, full/half duplex

capabilities, and available on-board processing units. Most of these platforms are designed

for down-conversion of RF signal to base-band (zero IF), sampling and sending raw I/Q

data to a host PC for processing. Therefore, user applications are entirely implemented in

the host PC while on-board processors are handling I/Q transfer between A/D (D/A) and

host, mainly through USB3 port. While this framework is useful for certain applications

in which SDR acts in only-RX mode (sniffer) or only-TX mode, it is severely limiting for

wireless network operation due to following:

� There are large latencies in data transmission through most common ports such as

USB4. However, in an interactive wireless protocol such as WLAN, AP and station

3Universal Serial Bus

4Currently, the minimum possible latency for for USB-3.0 is 128µs and on average it is in the order of
few milliseconds.
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are sending requests/acknowledgments back and forth with very short inter-spacing

durations (few µs). Therefore, port latencies are added to each transmission time slot

which increases inter-spacing from few micro-seconds to milliseconds. This not only

affects the overall throughput severely but also breaks distributed real-time algorithms

such as CSMA-CA that manages cross interference between users.

� I/Q signals are sampled at a very high rate. For a 20-MHz WiFi channel, this can be

as high 80 MS/s and with 12-bits precision it results in ∼ 2-Gbps data transfer rate

between SDR and host PC. This is a very high data transfer rate, even for state of

the art USB ports. At this rate, port latencies can vary significantly, further breaking

real-time processing operations.

Our wireless test-bed needs to perform I/Q level processing on the board (using config-

urable FPGA or DSP) so that conversion between raw information bits and actual TX/RX

waveforms is carried out locally. Therefore, data transfer between SDR and host is limited

to information bits which are smaller in size than I/Q samples by multiple orders of mag-

nitude. This design choice together with other criteria such as platform dimensions and

portability restricts us in our SDR selection. In the next section, we discuss our selected

SDR platform in details.

There are some prior works in the area of TVWS focused on building hardware proto-

types for experimental evaluation of available spectrum. KNOWS platform that is utilized

for some TVWS measurements in [104–106] is designed from a commodity 2.4-GHz WiFi

card by converting original 22-MHz bandwidth to 6-MHz. A UHF translator is used for

re-tuning waveforms from 2.4 GHz to UHF TV bands. Spectrum sensing is implemented in

a separate USRP unit. The overall design is suitable for some limited WS measurements in

UHF however it is very large and it lacks configurability and portability. Testing in [107] is

based on a WiMax IEEE 802.16d chipset that is capable of operating below 1 GHz. Carrier

frequencies are modified through a policy file to match with TV band and the data traffic

are eventually routed to a WiFi network through a host PC.

A CR system based on IEEE 802.11a is discussed in [108] for UHF TVWS. This pro-

totype includes two carrier boards each consists of three processors and two Mezzanine
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card slots for XMC-3321 (Dual Transceiver XMC Module). The overall design is a rack-

mounted system with the same limitation mentioned before. WARP platform in [109] is a

programmable wireless platform that implements PHY and MAC layers on an FPGA-based

hardware. Other than previous limitations, the radio interface is only limited to 2.4 and 5.0

GHz bands.

There are very few commercial products, such as ACRS developed by Adaptrum [110],

which are designed for point-to-point links. The main use cases are for back-haul connections

or to provide internet in rural areas, in which case the receiving client is bridged back to a

WLAN network for end users.

6.3 CampusLink: A WS-based Campus Network

CampusLink project is defined for development of a WS-based wireless network at University

of Washington campuses. According to our discussion in chapter 2, current FCC sugges-

tion for WS-based network architecture is based on using a central DBA that determines

available spectrum based on location of requesting user, primary users’ data and local FCC

regulation. Therefore, each AP in CampusLink network initializes its local WLAN setup by

first contacting DBA and registering for an available channel. Figure 6.2 shows the overall

network architecture with multiple APs for larger coverage. Through an IP connection,

each AP is connected to DBA for receiving channel information such as available spectrum,

corresponding quality and maximum permitted power. Intelligent spectrum allocation is

performed for registered users by running channel allocation algorithms on the server which

minimizes cross interference between APs. Each AP also acts as a spectrum sensor node

by providing spectrum utilization data to DBA. These additional data which are gathered

from various locations are extremely useful in evaluation of current FCC rules for defining

coexistence opportunities in TV band (and others in the future).

The main goals that are pursued in CampusLink project can be summarized as following:

1. Building a fully-functional wireless network that is entirely based on white space

spectrum (TVWS as well as future WS opportunities). This network is designed

similar to current WiFi networks. However, it extends WLAN capability by:
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Figure 6.2: Wireless network architecture in CampusLink project

� Available spectrum is significantly increased.

� Best channel selection is automatically performed by AP for optimal cross-

network performance, using an intelligent central spectrum allocator.

� Network coverage is significantly improved because TVWS spectrum (<700 MHz)

is well below standard WiFi band (ISM 2.4GHz and 5.0 GHz). This improves

signal quality at receivers as well as providing outdoor WLAN coverage.

2. Providing portable devices for end-users which enables wireless connectivity in a very

wide-band spectrum (entire UHF band and beyond).

3. Using sensing data in the DBA, indoor/outdoor primary to secondary interference

level is measured which is critical for optimal channel allocation. In addition, sensing
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data are utilized for creating radio environment maps which are based on distributed

measurement of radio spectrum activity and performing spatial interpolation tech-

niques such as Kriging [111].

4. Functioning as a practical network with dynamic end-users, it is a comprehensive

test-bench for following evaluations:

� Interference management and channel allocation algorithms

� Achievable throughput per available channels using IEEE 802.11 standard

� TV band channel characteristics such as delay/power profiles, fading, etc.

The first step in CampusLink project is implementation of an SDR-based wireless platform

with required portability and configurability that was discussed before. The rest of this

chapter presents implementation details of this platform.

6.3.1 BladeRF SDR

BladeRF is a an open-source SDR board that is designed and implemented by Nuand [102].

It is fully powered by USB-bus (no external power source needed) and is manufactured

in a portable and handheld form factor (5.0x3.5 inch2); hence very suitable for a portable

wireless test platform. The basic block diagram for BladeRF hardware is shown in figure

6.3. The three major components are:

� Field Programmable RF: Designed by Lime-Microsystems [112], this is a fully pro-

grammable RF transceiver IC that directly converts digital baseband I/Q samples to

analog RF waveforms and vice versa. Without the need for external oscillator (only

clock signals), this chip combines following common modules in a wireless transceiver

to a single IC: LNA, Amplifiers, Mixer, ADC, DAC. It covers a frequency range of

300 MHz to 3.8 GHz, capable of achieving full-duplex 28 MHz channels. Independent

RX/TX 12-bit quadrature sampling provides up to 40 MS/s.

� USB Controller: This is a USB-3.0 controller providing Super Speed data transfer

between SDR and host PC of up to 400 MB/s (3.2 Gbps). It is equipped with a
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Figure 6.3: Block diagram of BladeRF hardware architecture.

200MHz ARM-9 processor that runs our firmware and it can also be used for signal

processing on the board.

� Altera FPGA: In the heart of the board is an Altera FPGA that has access to all the

components on the SDR board. It sends/receives I/Q samples to/from RF chip and

transfer data to host computer through USB controller. This large FPGA has sufficient

resources (40 or 115 KLE5) for real-time implementation of IEEE 802.11 PHY and

MAC layers as well as spectrum sensing algorithms for cognitive radio purposes.

Table 6.1 summarizes technical specification for BladeRF SDR platform.

6.3.2 Overall SDR Architecture

The OSI reference model defines seven layers for network stack from Physical layer (lowest)

to Application layer (highest) [113]. Internet protocol stack is based on five layers out of

seven OSI layers, shown in table 6.2. Lower layers (physical and part of link layer) are

delay-sensitive and they require real-time processing. Therefore, in most commercial WiFi

cards, PHY and Link layers are implemented on-board. Upper layers are less time-critical

and typically they are implemented in the host operating system. Our target platform

5Kilo Logic Element
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Table 6.1: Specification of BladeRF SDR

Fully bus-powered USB 3.0 Super Speed SDR

Portable, handheld form factor: 5” by 3.5”

Extensible gold plated RF SMA connectors

300MHz - 3.8GHz RF frequency range

Independent RX/TX 12-bit 40MSPS quadrature sampling

Capable of achieving full-duplex 28MHz channels

16-bit DAC factory calibrated 38.4MHz +/-1ppm VCTCXO

On-board 200MHz ARM9 with 512KB embedded SRAM

On-board 40KLE or 115KLE Altera Cyclone 4 FPGA

2x2 MIMO configurable with SMB cable, expandable up to 4x4

Modular expansion board design for adding GPIO, Ethernet, and
1PPS sync signal and expanding frequency range, and power limits

DC power jack for running headless

Highly efficient, low noise power architecture

Stable Linux, Windows, Mac and GNURadio software support

Hardware capable of operating as a spectrum analyzer,
vector signal analyzer, and vector signal generator

is designed to operate with Microsoft Windows and Linux environments. Both operating

systems handle network stack from Network layer. Therefore, our implementation is focused

on Link and Physical layers, based on IEEE 802.11 standard [9].

Table 6.2: 5-layer Internet protocol stack and 7-layer OSI reference model

Application

Transport

Network

Link

Physical

Application

Presentation

Session

Transport

Network

Link

Physical

IEEE 802 family is a series of specification for local area network (LAN) technologies.

These specifications are focused on the two lowest OSI layers as all 802 networks have both

MAC (sublayer of Link) and PHY components [9, 114]. Figure 6.4 shows the relationship
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Figure 6.4: The IEEE 802 family and its relation to the OSI model

between components of the 802 family and OSI model. 802.2 defines a common link layer,

the logical link control (LLC), which can be used by any lower-layer LAN technology.

The IEEE 802.11 [7] is one link layer that uses 802.2/LLC encapsulation. It specifies a

common MAC sublayer and various PHY revision, some of which are shown in figure 6.4

(802.11a, 802.11g). Newer 802.11 specifications such as 802.11n and 802.11ac also modify

MAC sublayer to achieve higher efficiencies. Our SDR implementation covers the 802.11

component for the MAC and PHY layers as well as parts of the LLC sublayer. The details

for each layer implementation as well as their mapping to SDR hardware resources are

discussed in the next sections.

Figure 6.5 shows the overall architecture of hardware/software design for SDR platform.

The processing is divided between following resources: FPGA Core handles real-time com-

ponents by assigning dedicated logic elements; NIOS-II processor is an embedded processor

inside FPGA core that is capable of running custom software codes. Since it is implemented

as part of FPGA design, along with other low level elements, it has direct access to all the

modules and is capable of time-sensitive operations [115]. NIOS is clocked at 200 MHz;

Host PC handles non-critical aspects of link layer such as conversion between Ethernet and

WiFi frames or rate adaptation algorithms. Processing responsibility of each of these blocks

is discussed below:

� PHY RX/TX: These dedicated FPGA blocks implement OFDM transceiver for 802.11

physical layer, responsible for time/frequency synchronization, FFT, channel equal-
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ization, modulation/demodulation, interleaving, coding and scrambling. The input to

TX sub-block is a stream of information bits that are divided to a number of OFDM

symbols (after scrambling, encoding and interleaving) and converted to I/Q samples.

RX sub-block performs the reverse chain.

� Lower MAC: Distributed Coordination Function (DCF), which manages channel ac-

cess between multiple users connected to a single AP, is based on CSMA/CA with

binary exponential back-off algorithm. It requires sensing channel before transmission

with precise timers for running DCF state machine. These features are implemented

by the lower MAC block as part of FPGA core. It also schedules TX PHY and

monitors incoming RX frames from physical layer.

� Upper MAC: Certain aspects of DCF are implemented as part of the software run-

ning in NIOS II processor. This includes handling of received frames by sending

acknowledgments, segmentation of large WiFi frames to multiple smaller sub-frames,

and responding to various pre-defined control or management frames. These are time-

sensitive tasks that cannot be handed over to host PC, yet they are sufficiently slow

to avoid using customized FPGA blocks.

� LLC: IEEE 802.2 specifies LLC which constitutes the top sublayer of data link layer

and is common to different MAC methods [116]. This is implemented in the host PC

in our SDR design and performs as an interface between MAC sublayer and network

layer. LLC is primarily responsible for (in general) node-to-node flow and error control

as well as multiplexing different protocols that are transmitting over the MAC layer.

In wireless LAN communication, however, error management is handled by the MAC.

Hence, LLC is mostly focused on multiplexing (between WiFi and Ethernet frames)

and flow control through rate adaptation algorithms (MCS6 selection).

6Modulation and Coding Scheme
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Figure 6.5: The overall architecture of SDR design

6.4 Physical Layer

The PHY layer defined under IEEE 802.11 for WLAN services can consist of two protocol

functions as below [7]:

1. A PMD7 system whose function defines the characteristics of, and method of trans-

mitting and receiving data through a wireless medium between multiple stations.

2. A PHY convergence function that adapts the capabilities of PMD to the PHY service.

This function is supported by the PLCP8 sublayer as shown in figure 6.6. It defines

mapping from MPDU9 to a suitable framing format for sending and receiving data

between multiple stations, using the associated PMD.

7Physical Medium Dependent

8Physical Layer Convergence Procedure

9MAC Protocol Data Unit
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Figure 6.6: Reference model for PHY and MAC layers and corresponding management
entities [7].

An additional function entity, PLME (Physical Layer Management Entity), can also exist

which performs management of the local PHY functions in conjunction with MLME (MAC

Layer Management Entity).

6.4.1 PLCP Sublayer

The format of protocol data unit generated by PLCP is shown in figure 6.7. It includes

preamble, PLCP header, PSDU, tail bits and pad bits. The PLCP header contains following

information: Length, Rate and Service. Rate and length are encoded with the most robust

MCS (BPSK, r=1/2) to ensure decodability in worst scenarios. The Rate field determines

the utilized MCS for OFDM symbols in the DATA field. This is necessary for the receiver

to demodulate and decode the received data. Table 6.3 shows the standard modulation and

coding schemes defined in 802.11 specification.

The length parameter in PLCP header indicates the number of octets in the PSDU that

is requested by the MAC layer. PSDU is the frame payload which is essentially the same

as MPDU. Permitted values for length is 1 to 4095. The six tail bits following PSDU are

set to ’0’, which are utilized to return the convolutional encoder to zero state. The number

of bits in the DATA field should be a multiple of NCBPS , as shown in table 6.3. This is

achieved by using pad bits to extend total coded bits, accordingly. Depending on length
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Table 6.3: Modulation Dependent Parameters in IEEE 802.11 [7]

Modulation Coding Coded Coded bits Data bits Data rate
rate bits per per OFDM per OFDM for 20-MHz

subcarrier symbol symbols channel(Mbps)
(NCBPS) (NDBPS)

BPSK 1/2 1 48 24 6

BPSK 3/4 1 48 36 9

QPSK 1/2 2 96 48 12

QPSK 3/4 2 96 72 18

16-QAM 1/2 4 192 96 24

16-QAM 3/4 4 192 144 36

64-QAM 2/3 6 288 192 48

64-QAM 3/4 6 288 216 54

CodedcOFDM

DATASIGNAL
One1OFDM1Symbol

PSDU Tail Pad1BitsLENGTH
121bits

RATE
41bits

Parity
11bit 61bits

Variable1Number1of1OFDM1Symbols
PLCP1Preamble
121Symbols

Reserved
11bit

Tail
61bits

CodedcOFDM
1fBPSK,1r1=11c2v 1fRATE1is1indicated1in1SIGNALv

SERVICE
161bits

PLCP1Header

Figure 6.7: PPDU frame format [7].

and rate fields, Data field is split to multiple OFDM symbols, NSYM :

NSYM =

⌈
16 + 8 ∗ LENGTH + 6

NDBPS

⌉
(6.1)

For 20-MHz bandwidth, each OFDM symbol is 3.2µs long with a 0.8µs guard interval

(Cyclic Prefix extension). PLCP preamble includes two training sequences (known as short

and long sequences), each of 8.0µs duration which are used for signal detection, AGC,

diversity selection, frequency and time synchronization. The total duration of transmitted
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PPDU frame in time-domain is:

TPPDU = (20 +NSYM ∗ 4.0)
20

BW(MHz)
(µs) (6.2)

where BW(MHz) is the utilized bandwidth for OFDM symbols in MHz, assuming that

bandwidth variation is achieved by down/up-clocking the entire frame. Bandwidth variation

is required to match signal bandwidth with available white space channel, such as 6-MHz

TV channels in TVWS.

6.4.2 PMD Sublayer

The actual transmission and reception of OFDM-based PPDU through wireless medium is

performed by PMD sublayer. Figure 6.8 shows transmitter and receiver chain for OFDM

PHY. The FFT/IFFT block is 64-point long out of which 52 subcarriers are utilized. 11

subcarriers on the edge are not used, hence effective bandwidth is 53
64 of nominal bandwidth

(16.6 MHz effective bandwidth in case of 20 MHz).

FEC encoder in figure 6.8 is a convolutional code of rate 1/2, 2/3 or 3/4. Higher rates
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Figure 6.9: 802.11a FPGA core overview [8]

are possible by employing puncturing methods. A block interleaver is applied to all coded

bits corresponding to each OFDM symbol. Therefore, interleaver block size is the number

of coded bits per symbol, NCBPS . It is defined by a two-step permutation. The first

permutation maps adjacent coded bits to nonadjacent subcarriers. The second permutation

maps adjacent coded bits to less and more significant bits of the constellation alternately.

This avoids long runs of low reliability bits (LSB).

6.4.3 Hardware Implementation

Physical layer is entirely implemented in the Altera FPGA core that is available on BladeRF

SDR. We use 802.11a physical layer IP core that is available in [8]. Figure 6.9 shows an

overview of the IP core, highlighting various interfaces for control and data. The data

interface is for providing PSDU bytes to WLAN core while in TX operation as well as

receiving decoded bytes from any incoming RX frame.

Control message interface consists of fast parallel input/output lines for command and

control as well as slow UART lines. This is used for sending various requests to the core

and receiving related confirmations. Detection of any incoming frame is also indicated by

the core through this interface. The RF data interface provides 12-bits input/output lines

for complex I/Q samples at IF or base-band (zero-IF).

The core is clocked at 80-MHz for 20-MHz WiFi bandwidth (4 times over-sample).
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However, by changing the clock frequency through SDR software, any desired bandwidth

can be obtained for the application. Currently, we use 24-MHz to generate 6-MHz WiFi

frames for operation in TVWS spectrum. In summary, the main features of the core are

listed in table 6.4.

Table 6.4: 802.11a FPGA core specifications

Full IEEE 802.11a compliant, 802.11p is possible using half the clock frequency

Support for all data rates 6-54 Mbit/s

80-MHz target frequency

Generic message interface for configuration, operation, and debugging

Separate interfaces for control messages and data input/output

RF control signals included (PA/TX/RX on/off, 16 parallel AGC lines)

Digital up/down conversion for zero IF or 20 MHz low IF mode

6.5 MAC Layer

Considering MAC as a data service, it provides LLC entities the ability of exchanging MS-

DUs. Each local MAC utilizes PHY-level services to transfer MSDU to the other MAC

entity and eventually delivering to LLC. MSDU transport is asynchronous and on a con-

nectionless basis [7]. In a wireless media (unlike wired connection), this task is faced with

multiple challenges as follows, which are to be resolved by the MAC [9]:

� RF Link Quality: Data transmission through radio links is prone to failure due to

noise, interference and radio channel conditions such as multipath fading. Physical

layer does not provide an error-free channel between peers. Hence positive acknowl-

edgment is used in 802.11 protocol to recover from packet drop.

� Hidden Node Problem: Unlike wired connection (such as Ethernet) in which every

node is able to detect transmission from all other nodes, wireless networks have fuzzy

boundaries. Transmission from one node is strong enough for the AP but not nec-

essarily for all the stations. This is solved in MAC through RTS-CTS mechanism in
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which AP (that is visible to all nodes) issues transmission grant for the requesting

user.

6.5.1 DCF/PCF/HCF

With multiple users requesting transmission in the shared wireless media, a distributed co-

ordination function (DCF) is required to manage cross-interference and avoid collision. The

standard DCF in 802.11 is based on CSMA/CA with binary exponential backoff algorithm.

Every node senses the channel before transmission. Once clear, every waiting node gener-

ates a random slot number and starts decrementing. The first node that reaches zero wins

the channel.

DCF is the base service that is defined by the MAC and other services are defined on top

of it. Point coordination function (PCF) is a contention-free service that is implemented

above DCF. PCF is implemented by APs and it makes sure that medium is provided without

contention. Hybrid coordination function (HCF) allows the stations to have multiple service

queues for different service qualities. Therefore, access to the wireless medium by various

applications is balanced according to their quality of service.

6.5.2 Physical and Virtual Carrier Sensing

Carrier sensing determines channel status in DCF. There are two ways to accomplish this:

physical carrier sensing and virtual carrier sensing. If any of these methods declares a busy

channel, DCF avoids transmission.

Physical sensing is performed by the PHY on the received I/Q samples, through energy

detection, signal correlation or other known sensing techniques. With the hidden node

problem, physical sensing cannot provide all the required information to avoid collision.

Virtual carrier sensing in 802.11 is performed through a mechanism known as Network

Allocation Vector (NAV). The MAC frame header contains a duration field that specifies

transmission time required for the frame. The NAV is a timer that indicates the amount

of time the media is reserved, in microseconds. By setting the NAV timer to the expected

duration of channel usage and counting from NAV to 0 by the other stations, it can be used
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to indicate channel status. Media is considered busy as long as the NAV is non-zero [9].

Figure 6.10 shows the virtual sensing process that is initiated by reading the duration

field from RTS packet (if station receives it) or from CTS (that is sent by the AP and has a

smaller NAV). All the stations defers their access to the medium until NAV timer reaches

zero with an additional delay of DIFS.

6.5.3 Interframe Spacing

There are four different types of interframe spacings between MAC frames. Three of them

are used for medium access with different length for various priorities, as shown in figure

6.11. Different interframe delays are used as part of the MAC protocol to differentiate high

priority traffic from low priority ones. The higher priority traffic uses the shorter delays

(SIFS < PIFS < DIFS) so that it can grab the channel before lower traffic. The interframe

spaces are fixed regardless of transmission speed to help with compatibility of different

protocol speeds.

SIFS is the shortest interframe spacing for highest priority traffic such as RTS/CTS and

ACK. The contention-free service that is offered by the PCF is using PIFS for operation.

Stations are allowed to transmit data after PIFS period and before contention window starts.

DIFS is used by the contention-based services (normal DCF behavior) such that they are

allowed access to the medium after it is idle for DIFS. EIFS, which is not a fixed interval,
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is used when error happens during frame transmission.

6.5.4 Channel Access Rules

In 802.11 DCF, sending node is responsible for making sure that transmitted frame is

successfully received at the destination. The basic rules for getting access to channel are as

follows:

1. If medium has been idle for longer than DIFS, data frame transmission can start

immediately.

2. If medium is currently busy, sending is delayed until the end of current transmission

(NAV) with an additional DIFS interval. A random slot number is chosen between 0

and CW-1 and following is performed:

� The slot number is decreased in slot-time interval, as long as channel is idle

� If transmission is detected on channel, wait until channel is idle again (NAV)

with an additional DIFS period

� When slot counter reaches zero, transmission can start

3. If length of data frame is less than RTS level, it is transmitted without RTS. Otherwise,

an RTS is sent by the station, waiting for a valid CTS. If CTS is received correctly,

data frame transmission can follow.

4. If ACK is required (normal 802.11 frames), transmitting node expects an ACK within

SIFS interval from transmission. If received correctly, frame transmission and ACK



137

reception is repeated for the number of data fragments, after which process returns

to idle state.

5. If CTS is not received after sending RTS, retry counter (SRC) is incremented. Sim-

ilarly, if ACK is not received after sending data frame, SRC or LRC (depending on

data frame size) is incremented. In both cases, the retry counter is compared with

maximum threshold values and if maximum retry limit is reached then current frame

is skipped and process goes back to idle. Otherwise, CW is doubled in size and

exponential backoff algorithm is repeated.

Figure 6.12 shows the flowchart for DCF operations including channel acquisition process

as well as data transmission.

6.5.5 Frames

There are different frame formats defined in WiFi that follow a similar structure to Ethernet

frames. The most notable difference between Ethernet and WiFi frames is that 802.11 MAC

frames do not include type/length and preamble fields. Preamble is part of the physical

layer and type and length are present in the header on the data carried in the 802.11 frame

The MAC also adopts several unique features to meet the challenges posed by the wireless

data link, such as the use of four addresses [9].

Figure 6.13 shows different frame types that are commonly used in WiFi. Every frame

starts with a two-byte Frame Control field that contains following main components. Pro-

tocol version indicates what version of the 802.11 MAC is utilized in this frame. Type

and sub-type field identifies the type of current frame such as management, control or data

frames. More fragments bit is set when original higher layer packet is fragmented into

multiple frames and current frame is not the last frame. Retry bit is used with the ARQ

mechanism to indicate re-transmission of lost frames and to avoid duplicates at the destina-

tion. fromDS and toDS bits indicate whether or not a frame is destined for the distribution

system. In infrastructure mode, the frame is either sent to AP or transmitted by the AP;

hence one of the bits is always set. For wireless bridge operations, both bits are set and for

Adhoc mode both are cleared.
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Duration ID is a two-byte sequence that follows the frame control field. The main usage

of duration ID is for NAV purposes in DCF as discussed previously. The value of this field

represents the number of microseconds that the medium is expected to remain busy for

current active transmission.

Addresses: Common WiFi frames consist of three different addresses, however, it can

include up to four addresses while acting as a wireless bridge. Precise definition of each

address field depends on frame type. The general rule of thumb is that address-1 is used

for the receiver, address-2 for the transmitter and address-3 is for filtering by the receiver.

Destination address corresponds to final recipient that will send the frame to higher network

layers for processing. Source address identifies the source of the transmission which is only
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a single station. Receiver address determines which station should process the frame. If

it is the final recipient, this address will be the same as destination address. Otherwise,

this can be BSSID when packet is routed through AP. Transmitter address that is used in

wireless bridging identifies the wireless interface that transmitted the frame to the wireless

medium [9].

Sequence Control Field is a two-byte sequence that is used for numbering frames when

fragmentation is applied. This is also used by the receiver to discard duplicate receipt of the

same frame. It is composed of a 4-bit fragment number and a 12-bit sequence number. The

sequence number for each frame is assigned by the higher layer and it is constant among

fragmented frames.

Frame Body has a variable size and it contains the higher layer data to be transmitted

from one station to another.

Frame Check Sequence (FCS) is a 4-byte sequence that is used for error detection and

added to the end of the frame. FCS is calculated using cyclic redundancy check (CRC-32)

over the entire frame and transmitted with the rest of the frame. The receiving station will

recalculate the FCS from the received frame and compares it with the transmitted FCS for

error detection.
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6.6 Hardware Integration

Figure 6.14 presents integration of different layers in the SDR platform. FX3 is the USB

controller that provides super-fast USB-3.0 connection between the host software and FPGA

core. It is equipped with an ARM-9 processor that handles USB requests as well as ad-

ditional processing through its customizable firmware. USB end-points are connected to

FPGA ports using DMA10 channels. The benefits of DMA is that FX3 processor does not

handle USB transactions and therefore packets are routed with minimal latencies. Different

USB end-points are defined for various purposes. Command and control are send through

UART-terminated end-point and data buffers are send by GPIF11.

GPIF data are stored on FIFO’s in the FPGA core. These FIFOs interact directly

with PHY layer core and they transfer uncoded bytes (MAC frames). NIOS-II is a general

purpose processor that is programmable through its firmware. It sends command and

control messages to PHY core through its parallel lines and it also receives any message

that is sent by PHY core. This core is directly reachable from the host PC through USB

endpoints. Hence, all the requests from host software are processed by NIOS. Standard

output messages (StdOut) are also available from its UART output port.

Lower MAC layer that is time-sensitive (interframe spacings, random backoff, etc.) re-

quires precise timing calculations. Hence, MAC timers are implemented as a separate mod-

ule on FPGA to generate very accurate timings for MAC state machine. The timers are used

to interrupt the NIOS to continue its processing. Energy detection (as part of CSMA/CA

sensing mechanism) is implemented as a separate module that calculates average energy of

incoming IQ samples.

Setting various LMS parameters such as RF frequency, sampling time, bandwidth, in-

ternal gain values, etc. is through SPI connection (serial port). Since PHY core also needs

to change RF gains for its internal AGC12 operation, the SPI lines for LMS chip is multi-

plexed between NIOS and PHY core. The baseband IQ samples that are generated by the

10Direct Memory Access

11General Programmable Interface

12Automatic Gain Control
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Figure 6.14: Hardware/Firmware Integration

PHY core or received from LMS must pass through IQ-correction module. This block is

responsible for removing DC offset as well as correcting for any IQ imbalance that might

exist.

For debugging purposes, various signal in the FPGA core are accessible through NIOS

parallel IO (PIO) ports and can be accessed from the host software.



142

Chapter 7

FUTURE WORKS

In this work, we studied spectrum sharing in white spaces from different perspectives

such as “how much TV white space capacity is available in the United States” or “how to

coexist with a dynamic primary user as radar”. We identify further works to be performed

in each direction, some of which are presented below.

7.1 White Space Detection

Current FCC regulation for determining availability of a TV channel for unlicensed opera-

tion is mainly based on modeling of TV broadcasters. This solution is promising in terms of

removing the burden of sensing from client devices and reducing device complexity. How-

ever, path-loss models are only accurate on an average basis and no model works for all

terrains. Therefore, the actual white space availability can be significantly different from

what model predicts.

7.1.1 Sensing as a Complement

The result of current DBA approach can be combined with optional localized sensing data

from active users to improve accuracy of white space detection at the DBA. Due to cen-

tralized architecture of DBA-based spectrum sharing, DBA can perform as an aggregation

point by collecting local sensing data from participating users and improving efficiency of

its white space detection model.

FCC regulation should consider cooperative spectrum sensing from active users at differ-

ent location as an amendment to DBA-based method. Since sensing data is being utilized

cooperatively, highly sensitive receivers are not required to be used at the client side. A

less-sensitive receiver, combined with collaboration will improve detectability of white space

channels. It will be interesting to study the extent of variation in available TV white spaces
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by incorporating sensing with PU modeling.

7.1.2 Indoor Users

All path loss models used by FCC are designed for outdoor areas. Coverage area of a

broadcaster as well as cross-interference between a secondary user and primary receivers are

all based on outdoor propagation. On the other hand, on common use-case for white space

spectrum is WiFi devices that are located inside the buildings. Considering penetration loss

of buildings in link budget calculation could significantly affect white space opportunities.

A study can define sharing paradigms in case of indoor users and calculate the difference

(in terms of available channels) with the outdoor case.

7.2 Coexistence with Radar

Primary users such as radars transmit high power and narrow pulses. Transmission power is

a function of radar antenna direction that is time varying. Therefore, it performs as a non-

stationary source of interference for secondary devices, such as WLAN networks. The effect

of narrow interference (in time domain) on WiFi protocol (or in general OFDM modulation)

is not well understood. A comprehensive study can analyze WiFi packet drop as a function

of total SINR for various values of radar pulse widths, WiFi MCS and packet length.

Following to this analysis, Physical and MAC layer design in WiFi can be improved for

further resistance against narrow and burst interference. Example improvements are in the

interleaver that is currently applied on each OFDM symbol separately. Therefore, a burst

error is not propagated over the entire packet for stronger robustness.

7.3 CampusLink Network

7.3.1 Network Setup

In chapter 6, we developed a fully functional SDR-based platform for WiFi operation in

any band from 300MHz to 3.8GHz. This platform implements MAC and PHY layers based

on IEEE 802.11 standard. The next step is to setup WiFi networks over the campus and

to connect each bladeRF board to our central database (SpecObs server). The server is
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responsible for assigning channels to each device and then each bladeRF board will set up

its local WiFi network in the white space spectrum.

7.3.2 Fully Portable Devices

A fully portable device for white space operation should be in the form of a USB dongle.

Our current SDR platform is suitable for access point as well as prototype stations. Final

stations (client devices) will be in USB dongle form factor that is easily utilized by the end

users.

7.3.3 Radio Environment Map

Spectrum sensing was discussed previously as a complement to white space detection mech-

anism. CampusLink project provides a suitable infrastructure for distributed sensing, per-

formed by access points. The sensing results are sent to DBA where it can be used for

various purposes. Two main use cases are:

1) Performing channel assignment based on real sensing data and the algorithms provided

in chapter four.

2) Redefining coverage boundaries for TV broadcasters based on actual measurements.

For both purposes, it is often required to estimate signal power at locations where no mea-

surement is performed; simply because the number of measurements are limited and they

are scattered in a wide area. Here, interpolation techniques such as Kriging is used to ap-

proximate unknown signal power from limited set of measurements. The result is a radio

environment map that can be used for the two purposes above.
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